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ABSTRACT

Part I: PREPARATION OF HIGH PURITY URANIUM OXIDE POWDERS (U)

Several uranium oxide fuel materials were prepared for evaluation by the
NASA Lewis Research Center. Included was a 2-pound sample of plasma jet
gspheroidized, 30- to 60-micron uranium dloxide of precisely controlled
stoichiometry containing less than 50 ppm. metallic impurities. 8ix
1l-pound samples of 30- to 60-micron uranium dioxide were prepared which
contained ealcium oxide, thorium oxide, or yttrium oxilde stabilizing
agents in solid solution. These powders were coated with 8 to 10 microns
of tungsten by hydrogen reduction of tungsten hexafluoride in a fluildlzed
bed. Seven l-pound samples of 30- to 60-micron uranium dioxide contain-
ing varioue concentrations of yttrium oxide in solid solution were also
prepared. Finally, a l-pound sample of less than S-micron uranium di-
oxide containing 10 mole percent yttrium oxide was produced.

Part IT: CILADDING AND JOINING OF TUNGSTEN CERMETS BY PLASMA SPRAYING (U)

Procedures vere developed for applying metallurglecally bonded tungsten
coatings to the edges of tungsten-uranium dioxilde cermet fuel elements.
These coatings were effective in reducing the wranium dioxide loss in
high temperature tests at NASA, .

Part III: TUNGSTEN COATING OF URANIUM DIOXIDE PARTICLES Eg T%

Of several techniques examined for vroducing a halide free tungsten
coating on %0- to 60-micron uranium dioxide powder, the most promising
were {a) vacuum evaporation of tungsten using electron beam heating, and
(b) electrostatically bonding fine tungsten trioxide powder onto the
uranium dioxide, followed by converslon to tungsten by hydrogen reduction.
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INTRODUCTICON

This is a completion report on work performed for the NASA Lewis Research
Center from July 1, 1964, through June 30, 1965, on Part I: Preparation
of High Purity Uranium Oxide Powders; Part II: Cladding and Joining of
Tungsten Cermets by Plasma Spraying; and Part III: Tungsten Coating of
Uranium Dioxide Particles. Tor economy, the descriptions of these three
studies have been combined into a single report. To ald the reader, the
results of these investigations are presented in separate and independent
write-ups which comprise the three main parts of the report. A summary
of the work 1s presented at the beginning of each section.
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Part IT: PREPARATION OF HIGH PURITY URANIUM OXIDE POWDERS

SUMMARY

A 2-pound ssmple of 98% sphercidized, 30- to 60-micron uranium dioxide
has been prepared by a plasma jet technique (task 1). Ultrahigh purity
urano-uranic oxide was processed twice through a de. plasma arc to
obtain the desired stoichiometry and spheroidization; and after sizing,
the plasma jet product was processed on a vibratory inclined plane to
separate the spheroids from the irregularly shaped particles. The final
product had an oxygen-to-uranium ratio of 2.000 and contained less than
5C ppm. detectable metallics.

A series of tests has been performed in an effort (task 5) to scale up
the plasma jet spheroidization process and %o reduce the product cost.
The starting material for this work wasg uranium trioxide prepered by
fluid-bed denitration, a process employed on s commercial scale in AEC
feed material plants at low cost. With minor modifications, this process
could be employed to yield an ultrahigh purity product. Use of the less
frangible urano-uranic oxide prepared from this material resulted in im-
proved penetration of the powder into the turbulent plasma stream. This
improved penetration, combined with the use of a higher energy helium
plasma, permitted a six-fold increase in throughput, plus a sizable gain
in spheroidization efficiency. These improvements should produce a
reduction in unit cost of at least an order of magnitude. It should be
noted, however, that the effort on this task was terminated before methods
had been developed to control the stoichiometry for the new processing
conditions.

Since November, 1964, priority has been placed on the preparation of

30- to EQ-micron uranium dioxide containing stabilizing additives, such
as calecium oxide, yttrium oxide, or thorium oxide, in solid solutions
(task 6). After blending and compacting at 75,000 psi., the compachs
were furnaced, ineluding reduction in hydrogen at 1100°C. to obtain the
degired stoichiometry, followed by extended treatment at 2200°C. to
achieve the solid solution by diffusion. The early batchesg were furnaced
either at NASA or at the Y¥Y-12 Plant; however, a tungsten resistance
furnace hes been constructed to provide this capabillty at the CRGIP.
After sintering, the stabilized uranium dioxide was ground and screened
to the desired %0- to 60-micron size range. For early batches, comminu-
tiocn was achieved by grinding in a mortar and pestle, followed by size
reduction in a tungsten-lined fluid energy mill. Later hatches were
ground between orhbiting tungsten plates.

The first seriles of stabilized wranium dioxide powders were then coated
with an 8- %o 10-micron layer of tungsten by the hydrogen reduction of
tungsten hexafluoride in a fluidized bed. Limited availability of sultable
powders for test purposes, plus a demanding schedule, permitted only a
cursory abtempt to lower the fluorilde content of the coated product,

with the result that the tungsten-coated powders shipped to NASA varied
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congiderably in fluoride content.

Detectable metallic impurities in the tungsten-coated powder were in the
20 to 40 ppm. range. The impurity level in the coated product was sur-
prisingly low when compared with the impurities in the ceramic-grade
pxide used as starting materisl or with the impurities in the ground
and screened intermediates. It is possible that fine, particulate
impurities were elutriated from the wanium dioxide powder during re-
duction in the fluidized bed, i.e., prior to coating, and that this

may account for the low impurity level in the final product.

Environmental tests conducted at NASA indiecated that the additive,
yttria, was better than either thoria or calcis for the prevention

of uranium loss at clevated temperatures; and for this reason, an
additional series of powders having different yttris concentrations,
between 2-1/2 and 15%, was prepared for evaluation at NASA. TFor these
powders, the metellic impurity contents were between 19 and 143 ppm.,
while the carbon contents varied from 6 to 21 ppm. The fine particle
by-products which represent a substantial percentage of the starting
material also met the purity specifications. The maximum detectable
metallics and carbon content were 287 and 25 ppm., respectively.

A number of exploratory studles have been undertaken to develop a method
Tor the preparation of ultrafine uranium dioxlide powderg. The original
objective was to prepares powder with an average size below 5 microns and
with a sizable percentage below 1 micron. This objective was later
changed to include preparation of powder with an average gize in the

5= to 10-micron range with a sharp distribution. Incliuded in the in-
vestigation were three grinding methods: rod milling, fluid energy
milling, and grinding between orbiting tungsten plates. All appear
capable of producing material in the desired range. Other methods
which showed promise include vaporization-condensation in the plasma

jet and hydration-dehydration of uranium trioxide. Some sizing of the
product will probably be required for any of these techniques if a sharp
size distribution is needed. Ultrasonic dispersion, followed by sedi-
mentation in liguid media, has been briefly tested for the sizing
operation.

INTRODUCTT Ol

This program is a continuation and extenslon of the high purity urenium
dioxide fuel development activities conducted at the Oak Ridge Gaseous
Diffusion Plant during fiscal year 1964, This program has been aimed at
the development of practical methods for the preparation of uranium oxide
powders of controlled purity, particle size, and particle shape. Sanmples
of various powders with closely defined characteristics were prepared for
submission to NASA for testing and evaluation in connection with materials
research for the tungsten, water-moderated, nuclear rocket concept under
study at the NASA Lewls Regearch Center.
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The original objectives called for development of methods for preparation
of uranium oxides of varioug purlty and partlicle size requirements with
closely controlled oxygen-to-uranium ratios. Reasonably economical pro-
cesses Were to be established for the preparation of relatively large
quantities, e.g., 100 pounds, of 30- to 60-micron spheroidal uranium di-
oxide. In addition, methods were to be developed for preparing micro-
nized uranium dioxide and for characterlzing its particle size dilstribu-~
ticn., The specific objectives are spelled out in more detall in the
Introductions to the six tasks into which this progream has been divided.

For the first & months of fiscal year 1965, emphasis was placed on the
development and scale-up of a plasms jet process for the preparation of
spheroidized, 30- to 60-micron uranium dioxide. In November, 1964, a
mejor change in emphasis occurred. Priority was placed on the prepara-
tion of tungsten-coated, 30- to 60-micron uranium dioxide containing
calcium oxide; yttrium oxide, and thorium oxide additives which would
stabllize the uranium dioxide and prevent fuel loss at the proposed
operating temperatures of the nuclear rocket engines. In April, 1965,
emphasis was placed on the preparation of 30- to 60-micron uranium di-
oxide containing various concentrations of yttrium oxide additive.

HIGH PURITY, STOICHTOMETRIC URANIUM DIOXIDE (TASK 1)

A 2~pound sample of high purity, 98% spheroidized, 30- to 60-micron
wranium dioxide powder was prepared and shipped in completion of task 1.
A photomicrograph of this spheroidized product at 72X magnification is
presented in figure 1, and a gummary of the spectroscoplc and chemical
analyses on the 2-pound sample is shown In table T. A tabulation of the
limlts of detectlion for the. elements sought in the spectrochemlcal
analysis appears in table IT.

The 2-ppund sample was produced by techniques developed at the Oak Ridge
Gaseous Diffusion Plant., Urano-uranic oxide (UBOB): prepared in the
Works laboratory by the wranium peroxide precipitation route, was fed
through a hollow tungsten cathode into an argon plasma generated by a
reactor-mounted M-4 plasma torch. Hydrogen, introduced with the powder
to be spheroidized, provided a reducing stmosphere, and two passes of
the powder through the system produced the desired oxygen-~to-uranium
ratio of 2.000 to 1.

Impurities were minimized in the product by the following procedures:
1. Using the ultrahigh purity feed material.

2. Tungsten coating the plasma jet fromb electrode. The tungsten vapor
plating was done at CRGDP by the hydrogen reduction of tungsten hexa-
fluoride. The tungsten coating applied this way protects the front
electrode from erosion and prevents copper contamination in the prod-
uet. Since the uraniuvm dioxide will eventually be mixed with tungsten
in fuel element febrication, tungsten is an acceptable contaminant.
Hourly eslectrode ingpection was adequate to detect erosion spofts on
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Magnification = 100X
Before Upgrading

ngnifiéqtion - 100X
After Upgrading

PHOTOMICROGRAPH OF SPHEROIDIZED,
STOICHIOMETRIC, 30- TO 60-MICRON
URANIUM DIOXIDE

Figure 1
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TABIE I

COMPOSITE ANALYTICAL RESULTS ON THE 2-POUND BATCH OF
SPHEROTDAL, STOICHIOMETRIC, 30- TO 60-MICRON URANIUM DIOXIDE

Analysis ' Impurity Content

Spectrochemical, ppm.* 5
Aluminum .2
Silver 1
Chromiwm 3
Copper‘ 3
Tron 10
Mognesium i
Nickel ' 6
Silicon 6
Total | L1
Carbon, ppm. . 28
Tungsten, ppm. | 275

Oxyegen~To-Uranium Ratio 2.000
Percentage Spheroidized > 98

4

* A listing of elements sought by spectrochemical analysis, together
with the limit of detection, is presented in table IT.
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TABLE 1T

LTMIT OF DETECTION FCR SPECTROCHEMICAL ANALYSTS
OF URANTUM DIOXTDE

Element Limit of Detection, ppm.

1
15
20

Alwminum
Antimony
Arsenic

-
(]

Baritm
Beryllium
Bismuth
Boron
Cadmium
Calcium
Chromium
Cobalt
Copper
Germenium
Gold
Indium
Iron

Lead
Lithium
Magnegium
Mangahese
Nickel

Phosyphorug

R R S B R e e T R S S N~ A

Q

]

Potassium
Silicon
Silver
Sodium
Tha.llium

Tin
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the tungsten plate in time to prevent copper contamination,

3., Careful handling of the product through the screening and upgrading
steps of the process. Contact with any material which would con-
taminate the powder was avoided by conducting thege operations in
a glove box.

After two passesg through the plasma jet, the product conslsted of a mix-
ture of spheroids and irregularly shaped particles. The nonspheroidal
particles were separated from the spheroidal particles by a vibrating
inclined plane separator that carried the irregular particles to the top
by vibratory motion and permitted the spheroids to roll off the bottom.
During final separation, frequent microscopic examination of the product
was used to assure the desired degree of spheroidicity. The separation
process required considerable attention, since the separation efficiency
wag highly dependent on the powder feed rate and on the percentege of
spherolds in the feed material. The upgrading operation was performed
in a dry box which was gas blanketed to minimize contaminstlon with
particulate matter. Even with these precautions, 1t was necessary to
inspect the material visually and to remove visible particulate contami-
nants before the purity level, shown in table I, was reached. It has
been observed that contamination seems to be a function of In-process
time; and at higher throughput levels, the contamination problem is

less severe.

The specificatlone on gtoichiometry, spheroldicity, purity, and particle
size were met in the 2-pound sample; thus, this task was completed.

URANTUM DIOXIDE WITH ADDED IMPURITIES (TASK 2)

In the orlginal work stabtement, the objective for this project wes
defined as the preparation of highly sphercidized, ultrshigh purity,
stolchiometric wranium dioxide powder containing Impurities, such as
nickel, carbon, nitrogen, fluorine, or sulfur, which have deliberately
been added in amounts ranging from 50 to 1,000 ppm. These added Llmpuri~-
ties were to be distributed uniformly through the uranium dioxide. The
original plans called for thege impurities to be added ©ty an appropriate
technique and then to be distributed throughout the uranium dioxide by
diffusion while the particles were being spheroidized in the plasma Jet.
No work was performed on this task because of a redirection in the pro-
gram eTfort by NASA.

It should be noted that this is not an easy task. Use of the plasma
spheroldization technigue just described (task 1) at its present stage
of development would probably prove too costly, and the effect of plasma
jet temperature on the fate of each impurity would have to be determined.
Thue, alternative appreoaches should be congidered before work of this
nature is undertaken, and powders have not been prepared due to emphasis
on other tasks.
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PROCESS FOR ULTRAFINE URANTUM DIOXIDE (TASK 3)

The original work statement defined this task as the development of a
process for the preparation of ultrafine uranium dioxide with an average
size less than 5 microns, wlth a substantial portion in the l-micron
range. In February, 1965, the work was redirected at the reguest of the
NASA Project Manager toward the production of powder between 5 and 10
microns in size which might possibly be vapor-plated with tungsten in

g fluidized bed, bub thls request was labter revised and was limited to
the preparation of a pound lot of less than 2-micron powder containing
10 mole percent ybtria in solid solution., The technigues developed
ghould provide small samples of powder with high purity levels. Five
techniques were explored for preparing fine powders: {a) three grinding
methods, {b) comminution by hydration-dehydration of uranium trioxide,
and {c¢) preparation of fine uranium dioxide by vaporization-condensation
in the plasma jet.

The three mechanical methods involve rod milling, fluid energy milling,

and grinding between orbiting tungsten plates. In preparing the 30- to
£0-micron vranium dioxide by any of these techniques (tesk 6), approxi-
mately 50% of the feed was lost as undersize; i.e., minus 4OC-mesh. The
particle size distributions by Micromerograph of typical fine fractions

are presented in figures 2 and 3. Further size reduction could undoubtedly
be achieved by increasing the milling time. The orbiting tungsten plates
were most effective in the earlier phase of the grinding operation, vhile
the fluid energy mill was preferred for final size reduction.

Another technigue which has been explored briefly is comminution by
hydration-dehydration of uranium trioxide. Results of a series of test
runs on samples of uranium trioxide prepared by different methode are
summarized in table IIT, and the particle size distributions before and
after treatment of a typical semple are presented in figure 4. It can
be noted that the degree of comminution is not sufficient to meet the
original goal of l-mlicron powder; however, hydration and reduction may
be a very satisfactory method for the production of a materiasl in the
5- to 10-micron range. The hydration-dehydration of uranium trioxide
appears to be a promising method for comminution of pure uranlum oxides.
There might Pe serious complications in applying this technigue to the
size reduction of uwranium oxides containing additives in solid solution,
however, because of the requirements for stoichiometry and density of
the final product.

The generation of very swall particles by vaporization-condengation Laskes
place to some degree in the normal plasma jet process for uranium dioxide
gpheroidization. In each plesma Jet sphercidization run, fines are
generated and are collected on the reactor walls. In attempts to adjust
operating conditions to maximize the production of this fine oxide,
initial efforts resulted in conversion of about 50% of the starting
material to fines. Only scoping studles have been conducted, but the
smsllest average particle size of the product has been 1.9 microns,

while the largest average particle size has been 5 micreons. 4 typleal
particle size distribution is presented in figure 5, and an electron
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TABLE III

RESULTS OF URANIUM TRIOXIDE HYDRATION TESTS

Particle Size Distribution
By Micromerograph,
Diameter of Particles
Hydration Hydration Reduction - Surface Below Indicated Percentage,

Tenmp., Time, Temp., Area, microng

Uranium Trioxide °C. min. °C. sq.m./g.  100% 75% 50% 25%
Hanford Continuous-Calciner g2 30 T6C 6.1 Ls, L 5.5 2.7 1.7
Weldon Spring Pot-Calcined 82 30 | 760 2.0 Lg k 5.2 3.3 1.9
Hanford Continuous~Calciner g2 30 595 11.3
Hanford Continuous-Calciner g2 15 595 k.2 sh,5  18.2 5.3 1.8
Weldon Spring Fluid-Bed g2 . 30 760 3.3 Ls.h 5.1 2.9 1.8
Weldon Spring Pot-Caleined 82 30 760 3.5 5L.5 3.6 2.7 1.9
Weldon Spring Fluid-Bed As Receilved 1.3 . 55.5 2h L . ‘6.9

New Weldon Spring Pot-Calcined As Recelved 3.0 L48.4 8.9 2.9

Le
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micrograph is shown in figure 6.

Additional data have shown that the particle size of 1.9 micronsg measured
by Micromerograph reflects the presence of agglomerates, since the
material has a surface area of about 10 sq.m./g. and a crystallite sgize
below 1 mieron. Smaller parficles have a tendency to collect on the
upper portions of the reactor, while larger material is deposited lower
down; thus, it may be possible, by appropriate collection techniques, to
obtaln geveral sized fractione from a single run.

A1l tests were made with uranium oxldes. Experimental studies would be
needed to determine if the vaporization-condensgation technique is suitable
for vwranium dioxide containing additives, such as yttrium oxide. One of
the major disadvantages of this technique is that many impurities are
concentrated in the recondensed fraction; thus, stringent purity specifi-
cations would have %o be set for the material fed to the jJjet, In addi-
tion, there is some evidence from X-ray diffraction analysis of the
presence of free uraniuvm metal In fine uranium dioxide prepared by the
vaporlization-condensation process in the reducing atmosphere of the
plagma jet. This problem may be alleviated through the use of a neutral
atmosphere. TFurther tests would be needed to establish the potentials
of thls method.

There are several problems assoclated with the production of a fine
powder having a very sharp particle size distribution. Generally, the
particle size distribubtion produced by the grinding operation is some-
what broad, unless gome provision is made to separate the in-gize
particles as they are generated. Dry secreening is not normally effec-
tive for classifying very small particles, since screens with a reasonable
throughput rate are not available in this size range. While large-scale
alr classification gystems exist, commercial air classification units are
not avallable in the size needed %to process l-pound samples. Some pro-
gress has been made with liguld sedimentation techniques. A brief series
of tests was run on gram guentities of powder to determine the ftechnical
Teasibllity of employing liquid sedimentation to separate 5- to 10-micron
powder. The particles were ultrasonically dispersed in a liquid, and
clasgification was achieved by sedimentation in gravitational or centri-
fugal fields., After predetermined settling periods, the desired frac-
tions were removed, centrifuged, and vacuum-dried. These tests indicated
that it i1s technically feasible %o perform a sizing operation in this
manner; however, some problems would have to be solved before an acceptable
process could be developed. Water proved unsatisfactory as a settling
medium becaunse of the difficulty in producing a stable slurry. Technical
grade isopropznol was a sultable liguid for the size separation; however,
the product showed excesslve carbon conbamination. In addition, the
vacuum~dried product was badly agglomerated. Finally, problems involwved
in scaling up the process to provide pound quantities of product require
serious consideration.

In summary, while both the hydratlon-dehydration process and the
vaporization-condensation process show promlse for the preparation of
fine particles of pure uvranlum dioxide, there would be complications in
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applying either of these techniques when the goal is a solid solution

of uranium dioxide, plus one or more stabllizing agents. Preparation

of the l-pound sample of uranium dloxide contalning 10 mole percent
yttrium oxide in solid solution was accomplished in grinding and screen-
ing operations. The initial grinding wes performed with orbiting tungsten
plates, while the final grinding was done in & fluid energy mill. The
particle size distributions of the powders at varlous stages in the size
reduction operations eppear in figure 7. Twenty passes through the

fluid energy mill were required to obtain the desired size reduction to
an average particle diameter of 2-1/2 microns.

Every reasonable effort was made to prevent lmpurity pickup during
grinding. The surfaces of the equipment assoclated with the orbiting
tungsten plates had been plasma sprayed with tungsten, and the interior

of the fluld energy mill had been tungsten-coated either by plasma
spraying or by vapor plating to avoid undesirable contaminants. Despite
these precautions, some contamination occurred; however, as shown in

table IV, the l-pound sample of ultrafine uranium dloxide with 10% yttrium
oxide in solid solution was within the purity specifications of 500 ppm.
total detectable metallics. Thus, task 3 was completed with the prepara-
tion of this sample. '

PROCESS FOR HIGH PURITY, ULTRAFINE URANIUM DIOXIDE (TASK L)

Since the objective of this task differed from that of task 3 only with
respect to product purity, the work mentioned wnder task % was a logical
step whieh had to be accomplished before this task could be undertasken.
Recent grinding efforts are promising, but further technique developument
is reguired to prevent impurity pickup before tThe high purity, ultrafine,
vranium dioxide can be produced.

SCALE-UP PRODUCTION OF MICRONIZED CR SPHEROIDIZED URANTUM DIOXIDE (TASK 5)

Previous studies at the ORGIP resulted in the development of technigques for
producing high purity, spheroidal, stoichiometric uranium dioxide; and as
noted under task 1, a 2-pound batch of this material in the 30- to 60-
micron size range was preparesd and was shipped to the NASA Lewis Research
Center. The high cost of feed material, relatively low process efficlency,
and low throughput rates resulted in a high product cost. During the
first part of the fiscal year, efforts were directed toward process lm-
provements which would reduce the unit cost of the spheroidized product.

Feed costs could he cut substantially by using urasno-ursnic oxide pre-
pared in the manner employed on a commercial scale in AEC feed material
plants. For experimental studies, a supply of wranium trioxide prepared
by fluid-bed denitration was obtained from the AEC Weldon Spring Feed
Material Center. Even though this oxide contained about 350 ppm. of
detectable impurities, it was considered suitable for use in gcale-up
studies, since it should be possible to produce a high purity feed
material by the fluld-bed denitration procesgs at relatively low cost.
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TABLE IV

ANATYTICAL RESULTS FOR ULIRAFINE URANIUM DIOXTIDE
CONTAINING 10 MOLE PERCENT YTTRIUM CXIDE

U0 + Y505, Sintered and Ground
Efter Grinding

Ceramic-Grade Between Ground In
U0 Purchased Tungsten Plates Fluid Energy Mill
Element From Y-12 To < 60 Microns 15 Passes 20 Pagseg¥

Spectrochemical, ppi.

Aluminum 10 2 5 5
Beryllium - 3 3 3
Boron - - L 1
Caleclium - 5 - -
Chromium 25 5 120 120
Cobzlt 1 - - -
Copper 2 2 10 25
Iron 150 - 200 200
Lead - - - 3
Magnesium 1 60 60 G0
Manganese 1 - 25 25
Nickel 5 2 35 -
Silicon 10 2 5 5
Sodium - 3 15 20
Zinc - - 25 25
Total 205 8l 504 Loz
Carbon, ppm. 30
Tungsten, ppm. 900
Uranium, % 79.8
Yttrium, % 6.78
0/U Ratio 2.1 * 0.02

* This is final product. Analysis made after passing powder through
325~mesh stainless steel sieve to remove agglomerates and stray coarse
material.




k5

Several plasma jet tests were made with the as-received uranium trioxide
with generally poor results. Thile material is composed of rather frangible
particles, and there was excessive particle breakup when it was passed
through the plasma jet. Screening the uranium trioxide to minus 100,

plus 325-mesh and then gsintering the screened fraction in alr at 1500°F.
for 30 minutes to form urano-uranic oxide produced an acceptable feed

that did not desgglomerate in the Jet. The sintering operation is

glmple and inexpensive.

SBustained plasma jet throughput rates of up to 30 grams per minute were
found to be practical. This rate was six times higher than the best
achieved previously due primarily to the use of a higher energy helium
plasma with the 8G-1 plasma generator. In addition to the increased
throughput possible with this system, a higher percentage spheroldization
was achieved because of improved penetration of the feed particles into
the high temperature plasma core. Electrode erosion occurred in the 5G-1
plasma generator as it did in the M-4 generator used previcusly, but prod-
uet contamination could be minimized by the use of tungsten~plated elec-
trodes combined with frequent electrode inspection. The use of the higher
energy system made it necessary to provide a longer particle quenching
zone to prevent the particles from spattering on the collection area in
the bottom of the reactor. A new reactor having a 2-foot longer quench-
ing wzone was fabricated for this work. A photograph of this 7-foot reac-
tor appeare in figure 8.

At least 2 pounds of contained in-size spheroids can now be produced
daily. This represents a reduction in product cost of about an order

of magnitude, as well as a significant increase in production capabllity.
Because of a change in emphasis in the NASA program, this scale-up work
was terminated prior to completion. Further efforts are regquired to
control stoichiometry at the higher throughput rates if an oxygen-to-
uranium ratio of 2,000 to 1 is necessary. In addition, further develop-
ment of the upgrading system must be made to separate the sphercids from
the nonspheroidal particles at the higher processing rates.

ADDITTONAL URANTUM DIOXIDE POWDERS (TASK 6)

A major effort has been placed on this task since a revision to the work
statement in Novenber, 1964, assigned it top priority. The revised pro-
gram had two major objectives: {a) preparation of l-pound batches of
tungsten~-coated, 30- to G0-micron uranium dioxide particles containing
various oxide additives 1n soclid solution; and (b) the preparation of
1-pound batches of these same materials as high purity, l-mieron size
powders. After most of the first objective was completed, the program
was again revised at the request of the NASA TLewis Project Manager to
include the preparation of l-pound batches of 30- to 60-micron uranium
dioxide with six different concentrations of yttrium oxide in solid
solution. The ultrafine powder production was then limited to the
single batch of materisl containing 10 mole percent yttrium oxide dis-
cussed under task 3.
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Tungsten-Coated Uranium Dioxide Particles with Additives

This phase of the project required the preparation of a serles of
uranium dioxide powders with various oxide additives in solid solu-
tion. The powders were to be in the 30~ to 60-micron size range, a8
equiaxed as possible, and near theoretical density and were to con-
tain less than 300 ppm, total impurities when coated with & to 10
microng of tungsten?l;EJ. Because of the high priocrity assigned
this project, the impurity specification was relaxed vhen it appeared
that the fluoride content of the coated powder could not be kept _
below 500 ppm. without further development of the vapor plating pro-
cess. This assignment called for the preparation of pound lots of
the following materials:

(1) Uranium dioxide without additives (control)

(2) Urenium dioxide containing 2-1/2 mole percent caleium oxide
(3) Uranium dioxide containing 5 mole percent calcium oxide

(4) Uranium dioxide containing 10 mole percent calcium oxide
{5) Uranium dioxide containing 5 mole percent ytirium oxide

(6) Uranium dioxide containing 5 mole percent thorium oxide

As the productlion of the sbove-mentioned material was belng completed,
the NASA Project Manager requested that the second phase of this pro-
ject be limited b0 the production of pound samples of uranium dioxide
containing various concentrations of yttrium oxide. Environmental
tests conducted at NASA had indieated that the ytirium oxide was
superior to either caleium oxide or thorium oxide as an additive for
the prevention of uranium dioxide loss at elevated temperatures. The
request was made for l-pound lots of 30- to E0~micron uranivm dioxide
with yttrium oxide concentrations of 2-1/2, 5, 7-1/2, 10, 12-1/2, and
15 mole percent in solid solution, plus & control sample which had
been processed by the same technigue but which did not contain an
additive, The procedures used to produce the uranium dioxide solid
gsolution powders in the first phase of the project discussed immediately
above werc also to be used to prepare the powders with the various con-
centrations of yttrium oxide.

Ultrafine Uranium Dioxide with Additive in Solid Solution

The original request specified that powder with an average particle
size of 1 micron be prepared. The revised work statement specified
that the additives and concentrations were to be the same as for the
initial series of 30~ to H0-micron powders for a test of the effect
of particle size on fuel element integrity. It was anticipated at
that time that a substantial portion of these small powders would be
generated as a by-product during the preparation of the 30- to 60~
micron powder., As this work progressed, 1t became apparent that the
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fine by-products would have relatively high impurity levels. Mean~
while, because of data generated at NASA, the production of the geries
of small powder was de-emphasized, and the Project Manager requested
a sample of 5- to 10~mieron powder which might possibly be suitable
for vapor plating with tungsten in the fluidized bed. Before the 5-
to 10-micron powder was produced, the objective was again revised.

The final request was for the l-pound sample of urania containing

10 mole percent yttria described under task 3,

Cenersl Procedures for Produection of Solid Solution Powders

The preparation of the solutions involved the following operations:

(a) powder blending and compaction, (b) compact sintering to form solid
solution, {c¢) grinding the sintered pellets To the desired size powder.
If required, the powder was then tungsten-coated by vapor plating.
Workable technlques were established in each of the areas to the polnt
that material could be produced on a regular basis, and samples have been
prepared and shipped to NASA for evaluatlon. With the concurrence of the
NASA Project Manager, work on sample preparation was started to meet a
demanding schedule, even though some significant problems had not been
solved; e.g., fluoride contamination of the oxide during vapor plating.

Powder Blending and Compaction

The inltial tests were conducted with uranium dioxide made from pot-
caleined wranium trioxide purchased from the AEC Weldon Spring Feed
Material Center. Although this material was attractive from the stand-
points of cost and purity level, it did not prove satisfactory as The
gtarting material for the preparation of solid solutions by a diffusion
process becatse of its relatively large particle diameter, 5 mierouns,
and low surface area, 0.66 sg.m./g. More reactive, ceramic-grade uranium
dioxide having a much higher surface area, & sq,m./g., and a smaller
particle dlameter, 3 microns, was purchased from the Y-12 Plant in Oak
Ridge and was used in the preparation of all the uranium dioxide
particles with and without additives mentioned previously.

The uranium dioxide, pilus additive, was blended in a small tungsten rod
mill for 1-1/4% hours prior to compaction. Due %o rod mill size limita-
tions, small batches of about 150 to 200 grams were first blended in the
tungsten mill and then cross-blended by tumbling the batches together in
a jar mill. Although there was no avallsble measurement to determine
accurately if adequate mixing had occurred, the mixtures produced this
way had a uniform color, and discrete parficles of additive could not be
obgerved visually. Subseguent analysis of the golid solution powders by
X-ray diffraction only showed the pregence of a single phase, Ilndicating
adequate mixing had cccurred.

Pellets, 3/ inch in diameter and %/8 inch thick, were formed in a double
plunger die at compaction pressures of 75,000 psi. Compaction involved
(a) loading the die with the bottom plunger in place, (b) inserting the
top plunger and plecing the assembly in the press, {c) pressing to

75,000 psi., (d) pressing the formed pellet from the die, and (e) cleaning
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the die and plungers with a wire brush. Initial compactions made this
way were slow, and 1 man could only turn out about 350 grams per day.
Improvements, including a motor-driven pump for the press, increased the
rate to about 1 kg. of pellets in & day per man. Further efforts to
scale up the compaction process could not be justified on the basis of
the current assignment; however, the transition from the present tech-
nique to one involving a tableting machine to pelletize large guantitles
of material should be straightforward.

Pellets formed with the double plunger die were sturdy and generally
held together well; however, the hygroscopic property of the calcium
oxide resulted in considerable degradation of the pellets containing
this additive. This degradation occurred during shipment of some of
the uvnsintered pellets to NASA. Degradation d4id not occur when shordter
times were involved between compaction and sintering.

Compact Sintering to Form Solid Solutions

The objective of the sintering operation was two-fold: (a) to reduce the
ceramic-grade uranium dioxide which has an oxygen-to-uranium ratio of 2.32
to approximately stolchiometric composition, and (b) to hold the pellet at
high enough temperatures for long enough times to form solid solutions by
diffusion of the 2dditive through the uranium dioxide metrix. As shown

in figure 9, the furnace program involved a-l/2~hour treatment in hydro-
gen at 1100°C. to accomplish the reduction and a 6-hour treatment in
helium &t 2200°C. to form the golid solution.

The initial compact sintering was carried out at the CRGDP in an avallable
graphite tube furnace. A total of four sintering runs was made. Two
sintering runs were performed with the control uranium dioxide which had
been rod milled and compacted as if it contained. additive material, while
the other two runs vere made with uranium dioxide containing 2~1/2 mole
percent calcium oxide. Because of high carbon contamination, plus the
possibility of catastrophic furnace failure and resultant loss of valuable
meterial, no further work was done in this furnace. It was then declded
that the initial batches would be gintered at NASA, and the sintered
material would be returned to ORGDP for {further processing. A total of
six babtches of sintered pellets of ceramic-grade uranium dioxide with
additives, weighing 550 grams each, was sintered at NASA during the

early part of the program before facilities for sintering in-house be-
came available. Sintering of the remaining batches was done at the Y-12
Plant, since several kilograms of pellebs could be sintered at the same
time, thereby lowering the cost of the sintering operation. One small
patch of pellets was sintered in a resistance-heated furnace at ORGDP.
The furnacing schedule, shown in figure 9, was met except for one run
vhere treatment of a batch of uranium dioxide which did not contain addi-
tives was terminated at 1700°C. because of equipment failure. While this
material was not suitable for control purposes, it was sintered suffi-
ciently to be useful for tungsten coating tests. Following coating, it
was shipped to NABA.
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A tungsten muffle resistance furnace with a 10-inch long by 2-1/2-inch
diameter hot zone has now been installed at the CRGIP, This furnace,
shown in figure 10, is adequate for sintering 500-gram batches of material.

Grinding Sintered Pellets to Produce 30- to 60-Micron Powder

Three mechanical grinding technigues were investigated as methods of
comminuting the sintered pellets to 30- to 60-micron powder. Included
were (a) rod milling; (b) grinding in a mortar and pestle, followed by
fluid energy milling; and (c) stamp milling between tungsten blocks,
followed by grinding between two orbiting tungsten plates. The initial
grinding studies vere performed on uranium dioxide which had been
sintered in the graphite tube furnace. This material was considered
representative, since the pellets had been sintered to approximately

the same physical condition as those formed at NASA and Y-12 in tungsten
muffle furnaces. In these studies, no attempt was made to distinguish
between pure uranium dioxide and uranium dioxide containing calclum oxlde;
however, further experience lndicated that the difference in grindability
between pure uranium dioxide and uranium dioxide containing the various
additives did not exceed the batch-to-bateh variability of pure wranium
dioxide.

Rod Milling. A tungsten crucible about & inches long by 3 inches inside
diameter with 5-inch long, l/h—inch diameter tungsten grinding rods made
a workable rod mill for grinding the uranium dioxide pellets. Sintered
pellets were ground by contact with the inside of the vessel, the grind-
ing rods, and each other. This action resulted in the formstion of a
large amount of smaller than 3C-micron powder. The predeminant grinding
action appeared to be one of wearing away small particles from the
pellets rather than gross crushing or fracturing of the pellets. In
addition, the in-range, 3C- to 60-mlcron powder was difficult to retrieve,
since there was considerable tendency for the small particles to cling to
the larger particles and also to agglomerate in the form of soft
sgglomerates. Even though Micromerograph analysis indicated that about
L0% of the starting pellets ended up in the desired particle size range,

- the in-size powder was difficult to recover by screening; therefore,

this approach was abandoned in favor of another.

Fluid Energy Milling. A tungsten carbide mortar and pestle was used
initially to break up the pellets to minus 35-mesh to provide a sultable
feed for the Tluid energy mill. The ilnitial fracturing also yielded

some 30- to 60-micron powder, as well as fines, and the mortar and pestle
could have been used to do all the grinding. This hand grinding was time
consuming, however, and the final product was similar to that produced in
the rod mill; i.e., difficult to screen if a high concentration of fines
was permitted to bulld up. The fluid energy mill operates by impinging
two powder-laden gas streams. Ideally, the entrained particles collide
and fracture. At the conditions used for this study, some particle
fracturing occurred; however, the milling action appeared %o bhe primarily
abrasive and resulted in the probtrusions being knocked off the larger
particles each time the powder was passed through the mill. The interior
gurfaces of the fluid energy mill used in this study had been coated with
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PHOTO NO. PH-65-429

TUNGSTEN MUFFLE RESISTANCE FURNACE
Figure 10
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tungsten by plasma spraying and vapor plating to avoid contamination of
the product.

Some particles in the 30- to 6C-micron range were generated on each pass,
but these hed to be removed before repassing through the mill or else
the size was reduced further on subsequent passes. The use of the fluid
energy mill, combined with repetitive screening, permitted about 40% of
the starting material to be recovered in the 30- to 60-micron size range.
The powder produced this way was clean and free-flowing, and many of the
individual particles, though not truly spheroidal in shape, were quite
equiaxed. Unfortunately, the processing rate was low, about 100 grams

- of in-size product per day, and the repeated screening was undesirable
from a contamination standpoint. Further development of this process
would be warranted only if higher production rates are needed.

Grinding Between Orbiting Tungsten Plates. In an effort to speed up the
grinding operation and to improve product guality with respect to purity
and yield, tests were conducted wherein grinding was done between two
tungsten plates. It was reasoned that, if the powder were ground between
two flat, parallel surfaces, the larger particles would receive the most
grinding action. Development efforts led to a system which included =
F-inch wide strip of pure tungsten cemented in place in a tungsten coated,
stainless steel tray. A second similar gtrip cemented to the bage of an
orbital sander acted against the fixed plece. Minus 30-mesh granules
were produced by crushing the pellets between heavy blocks of tungsten,
i.e., a manual version of a sbamp mill, and this material was then ground
1o size between the stationary and orbiting plates. Yields were comparable
to the filuid energy mill system, but the tlroughput rate was doubled.

Screening time was reduced, and only about one-half as many screening
passes were needed to achieve the same yield. This system could be
readily scaled up to handle larger quantities of materials without diffi-
culty; however, a scale-up effort was not justified on the basis of the
current sssignment. Almost all of the 3C- to 6C-micron powder for NASA
wag ground by this technique.

Tests were made to compare the sieving efficiency and the degree of con-
tamination from plastic screens with those of stainless steel screens.
Generally, more efficient screening was possible with stalnless steel
screeng. No metallle impurity resulted from the plsstic screens, but
there was more possibility for the contaminant, carbon, to be eroded from
the screens and to get into the product. Analytical results falled to
show 8 significant decrease in impurities through the use of the plastic
screens, so stainless steel screens were used for the remsinder of the
screening. ‘

Particle Coating by Hydrogen Reduction of
Tungsten Hexafluoride in a Fluidized Bed

Techniques have been developed and procedures have been established to
deposit a layer of tungsten onto uranium dioxide powder by the hydrogen
reduction of tungsten hexafluoride in a fluldized bed. Tungsaten
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hexafluoride jis reduced to tungsten metal In the presence of hydrogen at
temperatures sbove 455°C. This reaction takes place on any heated sur-
face, and prolonged operation results in the formation of a progressively
thicker layer of tungsten metal. Unfortunately, the reduction reaction
liberates hydrogen fluoride which reacts with uranium dioxide to form
uranium fluorides deemed undesirable in the final product. The problem
of coating can be dlvided into two rather broad categories; namely, (a)
the mechsnical operation of the fluid bed, and (b) the chemistry asso-
ciated with fluoride contamination.

A flow dilagram of the coating system used for tungsten plating the
uranium dioxide powders is shown in figure 11. Hydrogen, used as the
fluidizing gas, as well ag a primary reactant, was purified¥*, metered,
and fed to the hed through a ball cheek in the conical bottom of the
vertically mounted, cylindrical reactor. The tungsten hexaflucride was
vaporized, metered through calibrated capillaries, and injected into the
hed through 2 line extending from the top of the reactor. To prevent
powder accwnlation or hydrogen backflow through this line, a helium
bleed wag maintained. This helium flow alsc increased the velocity of
the tungsten hexafluoride stream and decreased the tungsten hexafluoride
concentration, thus preventing excessive plating at the top of the Teed
line. The off-gases passed through an entrainment separator at the top
of the reactor, through alumina traps to remove hydrogen fluoride and
were then burned and exhausted through a fume hood. Bed temperature was
megsured wlth an internal thermocouple and was controlled by manually
adjusting a varisc supplying power to the resistance heater surrounding
the lower part of the reactor. Inlet and outlet reactor pressgures were
used to indicate fluidization, as well as bed or line plugging.

Using 30- to é#0-micron uranium dioxide, the powder action more nearly
regenbled & slugging bed than that usually associated with a c¢lassical
fluidized bed. Such bed action is not unexpected considering the density
and particle size and distribution of the powder to be fluidilzed.

Another problem arose from the increase of both particle size and
particle density during the coating run. Fluldization could e main-
tained by Increasing the hydrogen flow; however, this resulted in varying
hydrogen-tungsten hexafluoride ratios, since known incremental changes in
the tungsten hexafluoride feed rates were difficult to make.

In spite of these problems, very little trouble with bed caking, powder
agglomerabion, or uneven coating was experienced during production ccating
runs. In the early development runs, considerable bed and outlet gas line
plugging occurred, but this was elimlnated by installing an efficient
hydrogen purlfication system. The evidence i1s that the action taken to
purify the hydrogen eliminated formation of less volatile oxyfluorides,

In various experimental coating runs, especially those made at tempera-
tures above 700°C. or with very high tungsten hexafluoride feed rates,
some bed caking resulted from the rapid reaction rate. AL these high

¥ The hydrogen was passed through z bed of heated copper wool to remove
oxygen and through Molecular SBileves to remove water.
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tungsten hexafluoride feed rates, there was also uranium dioxide loss
by elutriation.

Tluid-bed runs are summarized in table V. Genherally, it was advantageous
to make two or more coating runs with each bateh of powder to allow in-
spection and sampling for control of plate thilckness and also to transfer
the powder to a large reactor as the bed weight increased. The inter-
mediate shutdown point was defermined largely by the gquantity of material
contained in the starting bed. The hydrogen flow rates shown in the
table are average values for about the middle of the coating run, while
the tungsten hexafluoride rates were average values caleculated at the end
of the run from a change in the weight of the tungsten hexafluoride feed
cylinder.

The back reaction of the liberated hydrogen fluoride with the uwranium
dioxide in the bed produced fluoride compounds unwanbted in the final
powder. Efforts to decrease the fluoride content in the coated powder
by adjustment of bed temperature and reagent concentrations were only
partially effective. Development of & plating procedure which would
result in low fluoride content of the coated powder was hampered by the
lack of powder for test purposes. OSuch powder was not readily available,
since the same effort wes required to produce test powder as to prepare
the actual powder for coabting. The pleture is made more complex by the
presence of the additives in the powder to be coated as there is some
indication that the asdditives, particularly calcium oxide, contribute
to the high fluoride content. The highest fluoride contents are found
in the powders containing calcium oxide. It is therefore conceivable
that different coating conditiong may be needed to cobtain low fluoride
content for powders containing additives. To meet schedules, plating
conditions were frozen before a completely satisfactory solution had
been obtained to the fluoride problem.

Preparation of the First Series of NASA Samples

To meet the first objective in thils task, the feollowing batches of
tungsten-coated uranium dioxide were prepared and were shippsd to NASA:

a. Uranium dioxide without additives (control)

b. Uranium dioxide conbaining 2-1/2 mole percent caleium oxide
¢, Uranium dioxide containing 5 mole percent calcium oxide

d. Uranium dioxide contalning 10 mole percent calclum oxide

e. Uranium dioxide containing 5 mole percent yttrium oxide

f. TUranium dioxide containing 5 mole percent thorium oxide

Fach batch contained approximately 1 pound of uranium dioxide.



TABLE V

FLUID-BED OPERATING CONDITIONS AND FLUORTIE CONTENTS OF TUNGSTEN-COATED POWDER

Final

Run Plate Feed Rate* Fluoride

Run Time, Thickness, WF6 Hp, Bed Weight, grams Content,
Number Bed Material hr . microns cc./min. eofh. Starting Ending ppm.
Wr-2h6 50- to 60-Micron U0, 1/3t < 1% 150 8‘ 180 170 5,200
WE-248 Without Additives 3 -l/ b o-1 150 ? 163 . 365 760
Wr-249 2-1/2 7.9 175 14 335 500 520
WF-~250 30- to 60-Microu uo, L 6.8 275 8 184 568 1,200
WF~251 Containing 5 m/o LA 1-2/3 8.5 225 1k 514 651 980

bi- o 53-Micron Pure

WE~2h47 Tungsten Powder 2 1.5 15C 14 307 Lk < 20
WF-252  30- to 60-Micron UO, 1-3/k L5+ 406 5 22l 511 2,300'
WF-255  Containing 2.5 m/o a0 3 - 10.0 267 10 L9y 913 980
WP-25k  30- to 60-Micron U0, 2 _ by 35k 5 215 497 3,500
WF-255 Containing 5 m/o CaQ 2-3 [l 1 10.3 388 1489 882 1,900
WF-256  Control, 1-2/3 2% e 7 520 THO L,k00
WF-257 30~ to 60-Micron U0, 2-5/6 .54 L&k 8 yain 1,255 2,000
WF-258 Without Additives 3-1/2 10.5 670 8 1,25 2,09k 980

LS



TABLE V (Contd. )

FLUTD-BED OPFRATING CONDITIONS AND FLUCRTDE CONTENTS OF TUNGSTEN-COATED POWDFR

Final

Run Plate Feed Rate¥® Tluoride

Run Time, Thickness, WE g, Ho, Bed Weight, gramg Content,
Number Bed Material hr. microns ce. /min. cfh. Starting Ending poi.
WF-261 30~ to 60-Micron U0, 1-2/3 - hoé 4,5 220 LE6 8,100
WF-262  Comtaining 10 m/o CaC 2-3/L 8.1 275 5.0 170 897 3,500
WE-268 o Lo 60-Micron v, 1-1/2 - 519 6.0 330 626 6,400
WE-269 Containming 5 m/o Cad 2 - 549 6.5 595 1,040 4,000
WF =270 1 7.6 560 7.0 1,030 1,220 1,100
WF-267 30~ to €0-Micron U0, 2-3/h - 569 7.0 712 1,262 2,000
WF-271 Containing 2.5 m/o Ca0 1/2 8.1 640 8.0 1,238 1,342 1,900
WF-272  30- to €0-Micron U0, 1-1/2 - 540 6.5 270 5%1 9,400
WF-274  Containing 10 m/o ca0  3-2/3 9.k 516 8.0 523 1,184 5,500
WF-275  30- to 60-Micron U0, 1-7/12 5.0 h72 5.0 zhE 660 2,200
WF-276 Containing 5 m/o Y205 3-1/3 8.8 365 8.5 636 1,h72 1,300
WF-277  30- to 60-Micron U0, 1-1/2 - hga 5.5 500 803 3,000
WE-278  Containing 5 m/fo ThO2 3-1/2 T.7 670 6.5 785 1,791 1,320

Q4



TABLE V {Contd.)

FLUID-BED CPERATING CONDITIONS AND FLUORIDE CONTENTS OF TUNGSTEN-COATED POWDER

* Approximately 1 cfh. of helium was fed with the tungsten hexafluoride in all runs.
a. Hydrogen flow rate varied from the average by * 15% as required to maintain fluldization.

b. Tungsten hexafluoride rates probably varied within * 10% of the average during the run.
+ Run terminated prematurely when outlet line plugged.

+ Estimated from weight change.

Note: Plating temperature for all runs was 565 to 595°C.

a. Except for WF-247, all initial plating runs were reduced at &70°C. for 4 hours prior to
plating. Run WF-247 was reduced for 1 hour at 65C°C.

b. All secondary runs were reduced at 815 to 870°C. for 1 hour prior to plating.

65
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Photomicrographs of six different sectioned samples of coated powder
are shown in flgures 12, 13, 14, 15, 16, epd 17. In each case, uniform,
crack~free coatings are apparent. No explanation can be offered to
account for the volds present in some of the particles, while no voids
are apparent in others even though all the powders received essentially
the same treatment.

Analytical results for the various powders are shown in tables VI through
XVI. Limits of detection for spectrochemical analyses on uranium dloxide
and coated uranium dicxide are presented in tables IT and XVIT, respec-
tively. Based on spectrochemical analyses, total metallic impurities in
the tungsten-coated products were in the 20 to LO ppm. range. With re-
gard to these analyses, 1t should be noted that the results of the
spectrochemical analyses were obbained using pure uranium dioxide
standards. A single set of tests indicated that yttrium oxide and
thoriuwn oxide additives did not affect the spectrochemical results;
however, caleium oxide additive suppressed all impurities; i.e., gave
lower wvalues. 'The impurity level in the final coated product was sur-
prieingly low, based either on the impurities in the ceramic-grade
uranium dioxide used ag starting material or on the impurities in the
ground and screened Intermediates. Date from subsequent studies indi-
cate that particulate impurities may have beenh elutriated from the

fluid bed durlng reduction, i.e., before tungsten coating, and that

this mey account for the low impurity level in the final product.

The oxygen-to-uranium ratios indicated that, generally, the powders were
slightly substoichiometric; however, thie interpretation is open to ques-
tion because of the undetermined effects of tungsten comtaminants ané the
stoichiometry of the oxide additive on the analytical resulte, Chemical
analyges for sdditive concentrations generally agreed well with values
caleulated from the amount of oxide added to the uraniuwm dioxide. X-ray
diffraction analyseg indicated the additives are present as solid solu-~
tions. A comparison of the additive concentrations determined by dif-
ferent means is presented in table XVITII¥*, and the change in lattice
constant dus to the various additives is shown in Tigure 18%,

The velue of 5.4763 A. by X-ray diffraction for the cell edge length of
the thoristed material is in excellent agreement with theoretical values.
The theoretical and measured values obtained for the caleium oxide addi-
tive geries show excellent agreement at the highest concentration; how-
ever, the agreement is poor at the lower concentrations. Theoretical
data were not available to predict the cell edge length that would be
expected with the yttrium oxide additive; however, it can be seen that

a fairly linear relationship was obtained over the range of yttrium oxide
concentration examined.

* Regults for the second series of powders containing various concentra-
tions of ytirium oxide are included.
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WF-249 Magnification - 250X

UO, POWDER WITHOUT ADDITIVES
COATED WITH 7.9 MICRONS OF TUNGSTEN

(CrO3 Attack Polish)
Figure 12
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WF-253 Magnification = 250X

U02 POWDER WITH 2.5 m/o CALCIUM OXIDE ADDITIVE
COATED WITH 10.0 MICRONS OF TUNGSTEN
(CrO3 Attack Polish)

Figure 13
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WF-255 Magnification = 250X

Uo, POWDER WITH 5 m/o CALCIUM OXIDE ADDITIVE
COATED WITH 10.3 MICRONS OF TUNGSTEN
(CrO3 Attack Polish)

Figure 14
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WF-274 Magnification - 250 X

UO2 POWDER WITH 10 m/o CALCIUM OXIDE ADDITIVE
COATED WITH 9.4 MICRONS OF TUNGSTEN
(CrO3 Attack Polish)

Figure 15
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WF-278 Magnification - 250 X

UO2 POWDER WITH 5m/o THORIUM OXIDE ADDITIVE
COATED WITH 7.7 MICRONS OF TUNGSTEN
(CrO3 Attack Polish)

Figure 16
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WF-251 Magnification - 250X

UQO5 POWDER WITH 5 m/o YTTRIUM OXIDE ADDITIVE
OATED WITH 8.5 MICRONS OF TUNGSTEN
(CrO3 Attack Polish)

Figure 17
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TABIE VI

ANATYTTCAL RESULTS FOR URANIUM DIOXIDE SINTERED
FOR 1 HOUR AT 1700°C. IN A RESISTANCE-HEATED FURNACE

Uoz Sintefed, Ground, and Sized

30- to 60-Micron

Ceramic-Grade with a 7.9-Micron
U0, Purchased 30- to 60- Tungsten Coating,
Element from Y-12 > 500-Micron Micron WE-249

Spectrdchemical*, Ppa.

Aluminum 10 35 35 1
Cadmium - . 1 1 -
Caleium _ - - - 5
Chromium 25 - 35 35 10
Cobalt 1 - - -
Copper 2 2 5° 1
Iron 150 200 200 10
Lead - - 5 -

" Magnesium iR 35 C 25 -
Manganese L 2 2 -
Nickel 5 5 10 : 10
Silicon 10 150 120 1
Tin - ‘ - 1 -

Total 205 465 Lzg 38
Tungsten, % . Th.6
Uranium, % 86.53 88,24 88.27 20.7
0/U Ratio 2.32 - 1.98 1.98
Fluoride, ppm. ‘ 520

* Liétings of elements sought Dy spectrochemical analysisg, teogether
with the limit of detection, are presented in taebles IT and XVIT.
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TABLE VII

ANATYTICAL RESULTS FOR
URANTUM DICXIDE CONTROL CONTAINING NO ADDITIVE

Ceramic-Grade
UO2 Purchased

U0, Containing No Additive,
Sintered at ¥-12, Ground, and Sized

30=- to

30- to 60-Micron
With a 10.5-Micron
Tungsten Coating,

Element From Y-12 < 30-Micron 60-Micron W -258
Spectrochemical, ppm.*
Aluminum 10 &0 120 -
Caleium - 25 25 -
Chromium 25 60 35 5
Cobalt 1 3 3 -
Copper 2 25 2 -
Iron 150 150 120 5
Magnesium 25 35 1
Menganese 5 2 -
Molybdenum - 18
Nickel 5 25 5 10
Silicon 10 5 5 1
Sodium - 5 1 -
Tin - 1 - -
Titanium - - - T
Vanadium - 3
Total 205 387 353 50
Carbon, ppm. 89 L L
Fluoride, ppm. 980
Uranium, % 86.53 -88.22 88.26 17.0
Tungsten, % 78.7
0/U Ratio 2.32 1.99 1.98

* Listings of elements sought by spectrochemical analysis, together
with the limits of detection, are presented in tables II and XVII.
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TABLE VITL

ANALYTICAL RESULTS FOR URANIUM DIOXIDE CONTAINING
2.5 MOLE PERCENT CALCIUM OXIDE

Element

Ceramic-Grade
UC. Purchased

U0, Containing 2.5 m/o CaO
Sintered at NASA, Ground, and Sized
30- to 60-Micron
With a 10-Mieron
Tungshen Coating,

Spectrochemical®*, ppm.

Aluminum
Chr omium
Cobalt
Copper
Iron

Lead
Magnesium
Manganese .
Nickel
Silicon
Sodium
Tin

Zine

Total

Tungsten, %
Uranium, %
0/U Ratio

Fluoride, ppm.

Carbon, ppm.

Calcium, %

from Y~12 < 30-Micron WE-25%
10 25 -
25 150 10
1 - -
2 ) -
150 300 1C
- 5 -
1 300 1
1 10 -
5 25 -5
10 4 1
- 5 -
- o -
- 55 -
205 - 896 27

7.1

86.53 18.5

2,32
980
ok 6
0.59

¥ Listings of elements sought by spectrochemical analysis, together
with the limit of detection, are presented in tables ITI and XVII.




TABLE IX

ANALYTICAL RESULTS FOR URANIUM DIOXIDE
CONTAINING 2.5 MOLE PERCENT CALCIUM OXIDE

U0, Containing 2.5 m/o Cal
Sintered at Y-12, Ground, and Sized
30- to 60-Micron

Ceramic-Grade With an 8.1-Micron
U005 Purchased 30~ %o Tungsten Coating,
Element From Y-12 Pellets < 30-Micron 60~-Micron WF-271

Spectrochemical, ppm.*

Aluminum 1¢ 25 10 16 -
Chromium 25 5 35 35 10
Cobalt 1 - - -
Copper 2 1 10 2 1
Tron 150 10 120 A0 10
Tead - 5 - -
Magnesium 1 60 120 25 -
Manganese 1 1 2 1 -
Nickel 5 5 5 5 10
Silicon 10 2 1 1 -
Silver - - - -
Tin - - 5 1 -
Total 205 109 313 140 32
Carbon, ppm. 15 7 18
Calcium, % 0.33 0.37 0.08
Fluoride, ppm. 1,900
Tungsten, % 0,08 0.07 74.8
Uranium, % 86.53 87.68 87.63 20.8
0/U Ratio 2.32 2.00 2.00

* Listings of elements sought by spectrochemical analysis, together with the limits of detection,
are presented in tables IT and ¥VII.
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TABIE X

ANATYTTCAL RESULTS FOR URANIUM PIOXIDE
CONTATNING S5 MOLE PERCENT CALCTUM OXTDR

U02 Containing 5 m/o Cal Sintered at Y-12, Ground, and Sized

Ceramic-Grade

Plastie Screen

Metal Screen

30- to 60-Micron
With a T.6=Micron

UOp Purchased 30- to 30- to Tungsten Coating,
Element From Y-12 Pellets 60-Micron < 3C-Micron 60-Micron < 30-Micron WF-270
Spectrochemical, ppm.¥
Aluminum 10 10 5 10 5 5 -
Boron - - - - 1 1 -
Chromium 25 25 25 25 25 55 10
Cobalt 1 - - - - -
Copper 2 1 1 1 1 5 1
Tron 150 5 10 25 5 10 10
Lead ' - 1 5 - - - -
Magnesium 1 120 60 150 10 120 -
Manganese 1 - - 1 - 1 -
Nickel 5 2 5 5 2 2 10
Silicon 10 1 2 2 1 2 -
Silver - - - - - -
Sodium - - 1 - - - -
Total 205 165 114 219 50 181 32
Carbon, ppm. < kL 11 22
Calcium, % 0.70 0.72 0.65 0.69 0.16
Fluoride, ppm. 1,100
Tungsten, % ' c.27 0,20 76.3
Uranium, % 86.5% 87,4k 87.34 87.1 87.1 19.1
0/U Ratio 2,%2 - 2.00 1.99

* Listings of elements sought by spectrochemical analysis, together with the limits of detection,

are presented in tableg II and XVIT.

L
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TABLE XT

ANATYTICAL RESULTS FOR URANTUM DIOXTDE CONTAINING
5 MOLE PERCENT CALCIUM OXIDE

Ceramic-Grade
U0,, Purchased

UOp Containing 5 mfo Cal
Sintered at NASA, Ground, and Sized

30~ to 60-Micron
With a 10.3-Micron

30- to 60- Tungsten Coating,

Element from ¥-12 < 30-Micron Micron WF-255
Spectrochemical, ppm.¥*
Aluminum 10 25 25 -
Chromium 25 120 120 10
Cobalt 1 2 1 -
Copper 2 60 1 -
Tron 150 200 150 10
Lead - 10 - -
Magnesium 1 300 200 1
Manganese 1 5 2 -
Nickel 5 10 5 10
Silicon 10 10 L 1
Tin - 5 2 -
Zine - 60 - -
Total 205 8aT 510 32
Tungsten, % T6.7
Uranium, % 86.53 86.98 19.0
0/U Ratio 2,32 2.03
Fluoride, ppm. 1,900
Carbon, ppi. 76 16
Caleium, % 0.82

# Llstings of elements sought by spectrochemical analysis, together
with the limit of detection, are presented in tables II and ZVII.




>

TABLE XIT

ANALYTICAT, RESULTS FCOR URANIUM DIOXIDE
CONTAINING 10 MOLE PERCENT CALCIUM OXIDE

U0, Containing 10 m/o Cal
Sintered at Y-12, Ground, and Silzed
30- to 60-Micron

Ceramic-Grade With an 8.1-Mlecron
U0p Purchaged 30- to Tungsten Coating,
Element From Y-12 < 30-Micron 6O0-Micron WE-262

Spectrochemical, ppm.¥*

Aluminum 1c ‘ 5 5 -
Beryllium - - - -
Boron - - - -
Caleium _ - - - -
Chromium 25 10 10 -
Cobalt 1 - - -
Copper 2 2 1 -
Iron 150 1C 25 30
Magnes ium 1 150 150 -
Manganese' 1 1 2 -
Molybdenum - - - 2
Nickel ~ 5 5 P -
Silicon 10 3 2 -
Sodium - 1 - -
Tantalun - - -

Titanium ‘ - ' - -

Total 205 187 200 qn
Carbon, ppm. 3 8 < b
Calcium, % ~1.h48 1.47 0.28
Fluoride, ppum. ' - - 3,900
Tungsten, % - - 77.5
Uranium, % 86.5% 86.52 86.56 18.2
0/U Ratio 2.32 - - * -

¥ Listings of elements sought by spectrochemical analysis, together
with the limits of detection, are presented in tables IT and XVII.
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TABLE XIIT

ANATLYTICAL RESULTS FOR URANIUM DIOXIDE

CONTAINING 10 MOLE PERCENT CALCTUM OXIDE

Ceramic~Grade
U0gp Purchased

U0p Containing 10 m/o Cal
Sintered at Y-12, Ground, and Sized

30=- to

20~ to 60-Micron
With a 9.4-Miecron
Tungsten Coating,

Element From ¥-12 < 30-Micron 60-Micron WE-27k
Spectrochemical, ppm.*
Aluminum ‘ 10 10 5 -
Boron - 1 1 -
Cadmium - 1 -
Chronmiun 25 10 10 -
Cobalt 1 - - -
Copper 2 10 1 2
Tron 150 10 5
Magnesium 150 150 1
Manganese 1 - -
Nickel 5 - -
Silicon 10 - - -
Sodium - % - -
Tin - 1 - -
Zirconium - - - 3
Total 205 202 173 il
Carbon, ppm. 6
Caleium, % 1.38 1.33 0.37
Fluoride, ppm. 5,900
Tungsten, % C.65 0.50 79.3
Uranium, % 86.53 86.0 86.3 16.1
0/U Ratio 2.32 1.97 1.99

¥ Listings of elements sought by spectrochemical analysis, together
with the limits of detection, are presented in tables IT and XVII.
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TABLE XTV

ANALYTICAL RESULTS FOR URANTUM DIOXIDE
CONTATINING 5 MOLE PERCENT THCRIUM OXIDR

U0o Containing 5 m/o ThO
Sintered at Y-12, Ground, and Sized
30- to 60-Micron

Ceramic-Grade With a T.7=-Micron
U0, Purchased 30- to Tungsten Coating,
Element From Y-12 < 30-Micron 60-Micron WE-278

Spectrochemical, ppm.*

Aluminum 10 ‘ 10 10 -
Beryllium - 3 3 7 -
Calcium - 10 10 -
Chromium 25 60 35 -
Cobalt 1 1 -
Copper 2 5 i3 -
Iron 150 150 120 3
Tead - 5 3 -
Magnesium 1 150 120 -
Manganege 1 x 1 -
Nickel 5 2 2 L
Siiicon 10 10 5 -
Sodiun - 10 5 -
Tin o - : 1 . - -
Zirconlum ‘ 5
Total 205 418 . 315 12
Carbon, ppm. 29 20 9
Fluoride, ppm. 1,320
Tungsten, % 0.87 1.07 75.8
Uranium, % 82.7 - 82.82 19.7
Thorium, % . L.70 4,39 0.76
0/U Ratio 1.99 + 0.02 2.00 = 0.02

¥ Idstings of elements sought by spectrochemlical analysis, together
with the limits of detection, are presented in tables II and XVIT.




76

TABLE XV

ANATLYTTCAL RESULTS FOR URANTUM DIOXTDE
CONTAINING 5 MOLE PERCENT YTIRIUM OXIDE

U0y Containing 5 m/o Y0
Slntered at Y-12, Ground, and Sized
30- to 60-Micron

Ceramic-Grads With an 8.8-Micron
U0, Purchased 30=- to Tungsten Coating,
Element %rom Y-12 < 30-Micron 60-Micron WE-276

Spectrochemical, ppm.¥*

Alumi rram 10 35 25 -
Calecium - 50 100 -
Chromiun 25 60 35 -
Cobalt 1 - -
Copper 2 3 1 1
Iron 150 60 25 15
Magnesium 1 150 120 -
Manganese 2 2 -
Nickal 5 2 2 -
Silicon 10 5 2 -
Sodium - 5 3 -
Titanium 2
Tin - 1 L -
Zirconium 5
Total 205 375 516 23
Carbon, ppm. 21 29 L
Fluoride, ppnm, 1,300
Tungsten, % 0.56 0.16 79.0
Uranium, % 86.5% 83.9 B4.3 18.2
Yttrium, % 3.24 %.31 0.91
0/U Ratio 2.32 2.02 + 0,02 2.00 % 0,02

* Listings of elements sought by spectrochemical analysis, together
with the limits of detection, are presented in tables IT and XVII.
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TABLE XVI

ANATYTICAL RESULTS FOR URANTUM DIOXIDE CONTATWING

5 MOLE PERCENT YTTRIUM OXIDE

Element

Ceramic-Grade
U0, Purchased 60~ to 500~

U0, Containing 5 m/o Y203
Sintered at NASA, Ground, and Sized

30- to 60-Micron
With an 8.5-Micron
Tungsten Coating,

Trom Y-12 Micron < 30-Micron WE-251
Spectrochemical, ppm.*
Alvminum 10 30 25 -
Caleium - - 200 5
Chromium 25 50 120 10
Cobalt 1 1 - -
Copper 2 - A5 1
Iran 150 20 200 10
Lead - - 10 -
Magnesium 1 50 120 -1
Manganege 1 2 5 -
Nickel 5 2 25 5
Sillcon 10 2 L 1
Sodium - - 5 -
Tin - - 5 -
Zine - - 35 -
Total 205 227 789 - 33
Tungsten, % _ 75.8
Uranium, % ' 86.53 80.1 : 20.7
. 0/U Ratio 2.32
Fluoride, ppm. . . 980
Carbon, ppm. i52 . 11
Yttrium, % 3,32

* Iigtings of elements sought by spectrochemical analysis, together
with the limit of detection, are presented in tables IT and XVII.
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TABLE XVII

LIMIT OF DETECTION FOR
SPECTROCHEMICAL ANALYSIS OF
TUNGSTEN~-CCATED URANTUM DIOXIDE

Impurity Limit of Detection, ppm.

Aluminum
Beryllium
Bismuth

N

Calcium
Chromium
Copper
Gellium
Germsnium
Hefnium
Iron

Lead
Magnegium
Manganese
Molybdenum
Nickel
Niobium
Silicon
Silver
Sodium
Tantalum
Thallium
Tin

Titanium

MR R R REEDHEDRERRRDEREWVRE R B GO

Vanadium

5

Zinc

AN A A AN A A AN AN AN AN AN AN AN A AN A A A A A A

o

Zlrconium
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TABLE XVITI

COMPARTISON OF ADDITIVE CONCENTRATTION DATA

. Additive in UQ., mole percent

Sample Tased on Initial - Determined by
Additive Numbexr Powder Welghts " Chemical Analysis
Cal WF-271 , 2.5 : | 2,45
ca0 WF-255 5.0 5.51
Cal WF-27h4 10.0 8.41
Y203 | WF-251 5.0l 5.56
Y05 WF-276 5.0 4,91
ThO,, WF-278 5.0 5.50
Y203 K-256 2.5 2,54
2203 K-éhs 5,0 5.28
Y205 ' K-esp : 7.5 7.86
Y505 K-2h3 10.0 10.30
Y50, K-252 12.5 12.40
Y0 K-25L 15.0 L. 70

273
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Preparation of the Second Series of NASA Samples

The objective of the second phase of task 6 was the preparation of 1-
pound samples of 30- to 60-micron urenium dioxide containing 2-1/2, 5,
7~1/2, 10, 12-1/2, and 15% yttrium oxide in solid solution. A comtrol
sample which contained no yttrium oxide was to be prepared by the same
method. These powders were produced in the amounts shown in table XTX
by the techniques used for the first set of NASA samples. As the final
step, the powder was placed in the vapor plating reactor and was fluldized
with helium at room temperature. The fluldization operation was success-
ful in removing fine particulate contaminants, such as magnesium, iron,
ete., which had been picked up in the grinding and sizing operations.

In most cases, this elutriation resulted in a sizable Improvement in
product purity.

Analytical results on the yttrium oxide used in these preparations appear
in table XX. The results of analyses on the samples prepared for HASA
are presented in tables XXI through XXVII. For the 30- to 60-micron
powder, the total detectable metallic impurities vary between 19 and

143 ppm., and the carbon contents range from 6 to 21 ppm. All samples
meet the specifications; i.e., they contsin less than 300 ppm. total
detectable impurities other than tingeten. The oxygen-to-uranium ratios
for the fines ranged from 1.97 to 2.07. Again, it must be emphasized
that these calculated oxygen-to-uranium ratios are open to question be-
cause of the undetermined effects of the tungsten contaminants and the
stolchiometry of the yttria additives. Moreover, the results are not
very preclse since the oxygen 1s ocobtained by difference and could be
influenced by the errors in the three independent analyges for uranium,
tungsten, and yttrium. In faet, an error of 0.1% in any one of these
ahalyses would casuse an error of l% 1n the oxygen~to~uranium ratio.

Preparation of Fine By-Product

The preparation of 30- to 6C-micron powders for the first and second
serieg regulted in the product of less than 30-micron by-product powder
in the amounte shown in table XAVIIT. Analytical resuits for this fine
by-product from the first series were presented in tables VII through
XVI. The metallic lmpurities in these powders were often much higher
than for the in-size powders, ranging from 310 to 890 ppm. The magnesium
content of these samples was particularly high. It is suspected that the
source of this conbaminant was airborne magnesia particles pregent in the
laboratory atmosphere. With one exception, the carbon content was only
slightly higher than that of the 30- to 60-micron product, ranging from
11 to 34 ppm. There was also good agreement between the in-range and
by-product powders on stoichiometry and additive concentration.

Improvements in powder pandling technigques lower the detectable metallic
impurity contents in the fine hy-products from the second seriles to the
181 to 287 ppm. range. The carbon contents of these powders varied from
9 to 25 ppm. Excluding tungsten, which ie acceptable at high levels,
thege fine by-products would meebt & specification of 300 ppm. total
detectable metallics.
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TABLE XTX

PREPARATION OF 30~ TO GC-MICRON URANIUM DIOXIDE
CONTAINING YTTRIUM OXIDE IN SOLID SOLUTION

Amount
YEOB Concentration, Sample Prepared,

mole percent Humber grams

0 (Control) K-2h6 553
2-1/2 K-256 408

5 K-2ih 6hg
7-1/2 K-250 Lgs

10 K-242 530
12-1/2 K-252 h2g

15 K-254 267
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TABLE XX

SPECTROCHEMICAL AWALYSIS OF YITRIUM OXTDR

‘ Vendor Analysis, ORGDP Analysis,
Blement ppm. ppm.,
Alumi num < 6 <5
CalciumA < 10 : | 20
Tron < 12 <5
Magnesium < k ' <5
Rare Earths < 10 ' ND

Silicon = / < 36 | <5




8l

TABLE XXT

ANWATYTICAL RESULTS FOR URANIUM DIOXIDE
CONTAINING KO ADDITIVE (CONTROL)

U0, Containing No Additive
Sintered at Y-12, Ground, and Slzed

Ceramic=Grade %0~ to 60-Micron
U02 Purchased After
Element Trom Y-12 < 30-Micron As-Screened Elutriation

Spectrochemical, ppm.¥*

Alvminum 2 25 25 10
Beryllium - 5 5 >
Beoron - = - -
Calcium > > 2 -
Chromium 5 5 5 5
Cobalt - - - -
Copper 10 10 1 1
Iron 20 5 5 10
Magnesium - 120 120 100
Manganese - - - -
Nickel 1C - - 5
Silicon 5 3 2 L
Sodium 3 1 -
Tin 1 - - -
Zinec 60 - - -
Total 119 1581 169 140
Carbon, ppm. 18 8
Fluoride, ppm. 80 - -
. Tungsten, % 1.45 C.75
Uranium, % 87.56 86.7 86.6
0/U Ratio 2.1k 2.03 = 0.05 2.05 + 0.02

* Llstings of elements sought by spectrochemical analysis, together
with the limits of detection, are presented in table IT.
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TABLE X¥XI1

ANATYTICAL RESULTS FOR URANTUM DIOXIDE
CONTAINING 2.5 MOLE PERCENT YTI'TRIUM OXIDE

Ceramic-Grade

TO, Contalning 2.5 m/o Yp0
Sintered at Y-12, Ground, and gized

30- to 60-Micron

U0y Purchased After
Element From ¥-12 < 30=-Micron  As-Screened Elutriation
Spectrochemical, ppm.¥*
Aluminum 2 25 60 10
Beryllium - 3 3 2
Boron - - - -
Calcium 2 5 5 -
Chromiwn o5 25 o5 10
Cobalt ~ -
Copper 10 1 2
Iron 35 20 20 10
Magnesilum 150 150 100
Manganese 1 2 2 -~
Nickel 10 2 2 5
Silicon 5 1 1 4
Sodium - - 5 -
Tin - 2 - -
Zinc 35 35 - -
Total 126 272 275 147
Carbon, ppum. 1k 26 21
Yttrium, % - 1.70 1.76
Fluoride, ppm. - - ' -
Tungsten, P - 0.97 0.80
Uranium, % 87.35 85.4 85.5
0/U Ratio 2.1k 2.00 # 0.05 2.01 + 0.05

¥ Iistings of elements sought by spectrochemical analysis, together
with the limits of detection, are presented in table II.
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TABIE XXIIT

ANALYTTICAL RESULTS FOR URANIUM DIOXIDE
CONTAINING 5 MOLE PERCENT YTTRIUM OXIDE

U0, Containing 5 m/o 50
Sintereg at Y-12, Ground, andjsized
Ceramic~Grade 30~ to 60-Micron
U0y Purchased After
Element From Y-12 < 30-Micron  As-Sereened FElutriation

Spectrochemical, ppm.*

Aluminum 2 5 2 5
Beryllium - 5 5
Boron - - - -
Calciun 5 2 2 -
Chromium 5 10 10 10
Cobalt - - 2 -
Copper 16 25 1 2
Iron 20 10 10 5
Magnesium - 150 150 20
Manganese - 2 1 -
Nickel 10 2 2 5
Silicon 5 1 1 2
Sodium 3 3 1
Tin 1 - - - -
Zine 60 - - -
Total 119 215 189 55
Carbon, ppm. 9 T
Yttrium, % 3.16 3.hh
Fluoride, ppm. 80 - -
Tungsten, % 1.99 1.74
Uranium, % 87.56 82.6 82.4
0/U Ratio 2,1k 2,06 £ 0.05 1.95 % 0.05

* Listings of elements sought by spectrochemical analysis, together
with the limits of detection, are presented in table II.
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TABLE XXIV

ANALYTICAL RESULTS FCR URANIUM DICXIDE
CONTAINING 7.5 MOLE PERCENT YTTRIUM OXIDE

Ceramic~Grade

U0, Conteining 7.5 m/o Yo03
S8intered at ¥-12, Ground, and Sized

30~ to 60-Micron

C/U Ratio

UCy Purchased After
Element From Y-12 < 30-Micron  As~Screened Elutriation
Spectrochemical, ppm.*
Aluminum 2 10 5 5
Beryllium - 5 5 3
Boron - - - -
Calcium 2 10 10 -
Chromium 25 25 10 5
Cobalt - 1 -
Copper 10 35 1l
Tron 35 10 5 -
Magnesium 1 150 35 20
Manganese i 2 - -
Nickel 10 2 2 5
5ilicen 5 1 1 1
Sodium - 1 - -
Tin - - - -
Zine 35 35 35 -
Total 126 287 111 L0
Carbon, ppm. 14 1k 6
Yttrium, % - 5,05 5.16
"Fluoride, ppm. - - -
Tungsten, % - 1.60 0.075
Uranium, % 87.35 g1.2 80.9
2,14 1.97 £ 0.05 2,0k £ 0.05

* Listings of elements sought by spectrochemical analysis, together
with the limits of detection, are presented in table IT.
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TABLE XXV

ANATYTICAL RESULTS FOR URANTUM DIOXIDE
CONTAINING 10 MOLE PERCHNT YTTRIUM OXTDE

Ceramic~Grade

U

Containing 10 m/o Y505
Sintered at Y-12, Ground, and Sized

30~ to 60-Micron

U0, Purchased After
Tilement From Y-12 < 30-Micron  As-Screened Elutriation
Spectrochemical, ppm.¥*
Aluminum 2 5 - 2
Beryllium - 5 5
Boron - 1 1 -
Caleium 5 1 1
Chromium 5 10 5 2
Cobalt - 1 2 2
Copper 10 25 1 -
Iron 20 35 10 5
Magnesium - 150 25 5
Manganese - 2 1 -
Nickel 10 5 5 5
S8ilicon 5 2 2 2
Sodium 1 3 3 1
Tin - - -
Zine 60 - - -
Total 119 245 61 27
Carbon, ppm. 15 15
Yttriwn, % 6.59 6.69
Fluoride, ppm. 80 - -
Tungsten, % 1.73 1.54
Uranium, % 87.56 79.1 77.8
0/U Ratio 2.1k 2.04 £ 0,05 1.94 £ 0,05

* Ligtings of elements sought by spectrochemical analysis, together
with the limits of detection, are presented in ftable IT.
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TABLE XXVI

ANALYTTCAL RESULTS FCR URANTUM DIOXTDE
CONTAINING 12.5 MOLE PERCENT YTTRIUM OXIDE

Ceramic-Grade

U0, Containing 12.5 m/o Y205
Sintered at ¥-12, Ground, and Sized

30- to 60-Micron

UDp Purchased After
Element From Y-12 < 30-Micron As-Screened Elutriation
Bpectrochemical, ppm.¥*
Alﬁminum 2 5 2 -
Berylliﬁm - 5 5 A
Boron ~ - - -
Calcium 2 2 2 -
Chromiun ' 25 0 5 5
Cobalt - 1 2 -
~ Copper 10 35 1 -
Iron 35 20 - -
Magnesium 1 120 25 5
Manganese . 1 2 1 ' -
Nickel 10 .5 2 5
Silicon : 5 2 1 1
Sodium - 1 1 -
Tin - 1 - -
Zine 35 35 - -
Total 126 24l 47 19
Carbon, ppm. 14 10 20
Yttrium, % - 8.20 8.52
Fluorilde, ppm. - - -
Tungsten, % - 1.64 0.90
Uranium, % 87.35 77.2 TEL
0/U Ratio 2.1k 2.07 £ 0.05 2,0L + .05

* Iistings of elements sought by spectrochemical analysis, together
with the limits of detectlon, are presented in table II.
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TABLE XXVII

ANATYTICAL RESULTS FOR URANIUM DICXITE
CONTAINING 15 MOLE PERCENT YTTRIUM OXIDE

U0, Contalning 15 m/o Y50

gintered at ¥-12, Ground, an@ Sized
Ceramic-Grade 30- to 60-Micron
U0, Purchased After
Element f'rom Y-12 < 30=Micron As=Bcreened Elutriation

Spectrochemical, ppm.*
Aluminum 2 5 2 2
Beryllium - 10 10
Boron - 1 -
Caleium 2 2 1l -
Chromium 25 \ 10 5 1
Cobalt - 1 2 -
Copper 10 35 1 1
Tron 35 10 5 -
Magnesium 1 120 25 5
Manganese 1 2 - -
Nickel 10 5 2 3
Silicon 5 2 1 2
Sodium - 1 - 1
Tin - 1 - -
Zine 35 35 - -

Total 126 240 55 20

Carbon, ppm. ik 25 < 10

Yttrium, % - 9.88 10.16

Fluoride, ppm. - - -

Tungsten, % ' - 2.13 1.08

Uranium, % 87.35 .9 h.3

0/U Ratio 2.14 2.07 + 0,05 2.02 £ 0.05

* Iisbings of elements sought by speetrochemical analysis, together
with the limits of detection, are presented in table II.
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TABLE XXVIII

FINE BY-PRODUCT POWLER

Additive Amount
Conecentration, Prepared,

Additive mole percent Sample Number grams
First Series

Control 0 K-151, K-172 581

Calcium Oxide 2-1/2 K-1L45, K-174 907

Calcium Oxide 5 K-150, K-168, K-17C, K-184 755

Calefum Oxide 10 ' K-157, K-161, K-193 1,073

Thorium Oxide K-180, X-203 1,400

Yttrium Oxide K-14k, K-195 T06
Second Series

Control 0 K-2L7 866

Yttrium Oxide 2-1/2 ‘ K-257 709

Yttrium Oxide 5 K-245 831

Yttrium Oxide 7-1/2 K-251 923

Ytirium Oxide 10 K~2k3 827

Yetrium Oxide 12-1/2 K~253% 865

Tttrium Oxide 15 ' K-255 Tk
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CONCLUSICNS

Tn summery, & 2-pound sample of spheroidized 30- to 60-micron uranium
dioxide has been prepared by a plasms jet technigue for the NASA Iewis
Research Center. The product, which had an oxygen-to-uranium ratic of
2.000 to 1, contained less than 50 ppm. detectable metallics. Scale-up
of the spheroidization process has increased throughput rates by &
factor of 6 and has decreased product cost by an order of magnitude.

Pound lots of tungsten-coated, 30~ to GC-micron uranium dioxide with
caleium oxide, thorlum oxide, and yttrium oxide in s0lid solutions have
peen produced for WASA. Total detectable metallics in the coated product
were in the 20~ to 4O-ppm. range; however, some fluoride contamination
oceurred during vapor plating.

Pound lots of 30- to 60-micron uranium dioxide containing various con-
centrations of ytirium oxide in solid solution were also prepared.
Total impurity content was within the 300 ppm. specifieation.

Finally, exploratory studies were performed on methods for preparing
ultrafine uranium dioxide powders, and a l-pound sample of uranium di-
oxide containing 10% ¥itrium oxide was ground to an average size of
2.4 microns.

ACKNOWLEDGEMENTS

The authors are indebted to 5. H. Smiley and W. E. Tewes for suggestions
and advice and for guidance in the management of the technical programs.
Acknovledgement is made to the Works Laboratory for performance of the
various analyses used in this report.

BIBLIOGRAPHY
(1) Gedwill, M. A., Sikora, P. R., and Caves, R. M., Fuel Retention

Properties of Tungsten=-Uranium Dioxide (omposites, NABSA Lewls
Research Center, February, 1965 (NASA TM X-1059).

NOTEBOCK REFERENCES
1. Knight, R. G., ORGDP Research Notebook Number L4895,
2. Stanley, F. 5., ORGDP Research Nctebook Number LE96,

3. Stanley, F. 8., ORGDP Research Notebook Number L480L,



93

X67-50159

PART IT

CLADDING AND JOTNING OF
TUNGSTEN CERMETS BY PLASMA SPRAYING (U)

By

W. L. Cochran
R. G. Knight
F, 8. Stanley

Engineering Development Department
Technical Division

Prepared for

NATTONAL AERONAUTICS AND SPACE ATMINTSTRATICN

{Identification C-251014)

Technical Management
NASA Lewis Research Center
Cleveland, Ohilo
Materials and Structures Division
Robert M. Caves



Part IT: CLADDING AND JOINING OF TUNGSTEN CERMETS BY PLASMA SPRAYING

SUMMARY

A series of nine test specimens of tungsten-uranium dioxide cermet fuel
alements was edge-coated with a layer of tungsten by spraying with the
SG~3 plasma torch at a power level of 24 kw. with a nitrogen-hydrogen
plasma. A torch-to-work distance of 1- l/h inches and a traverse speed

of 76 inches per minute produced a very high density coating which was
metallurgically bonded to the substrate; however, this cladding failed

to retain all the uranium dioxide when the test specimens were evaluated
at elevated temperatures at NASA., Microscoplic examination of the samples
after testing indicated that the uranium dioxide loss may have been asso-
ciated with ursnium dioxide which melted during plasma spraying and which
was deposited at the interface or along tungsten grain boundaries in the
cladding, thus providing a diffusion path tc the surface where evapora-
tion could occur. Coating reproducibility may also have been a problem.

Additional development studies were conducted in an effort to improve the
plasma spray edge costing technigue. Emphasis was placed on establish-
ment of reproducible spray conditions which would not melt the uranium
dioxide but which would produce a dense, metallurgically bonded coating.
A number of changes were made to egquipment and operating conditions in

an effort to improve the reliability and reprcducibility of the plasma
spraying process. Because of the difficulty with electrode wear experi-
‘enced previously when operating the 8G-3 torch at its rated capacity with
a nitrogen-hydrogen plasma, emphasis was placed on the use of the SG-1
helium plasma system for the tungsten edge coating work. To minimize
electrode wear, the larger 5G-1 plasma torch was operated well below its
rated capacity.

Based on generally encouraging results, five sets of samples were pre-
pared for high temperature tests at the NASA Lewis Research Center. For
these tests, 3 to 4 mils of tungsten was plasma-sprayed on each edge of
tungsten-uranium dioxide fusl elements. Torch-to-work distances of
1-3/4, 1-7/8, znd 2 inches and a traverse speed of 30 inches per minute
were used with the SG-1 plasma torch operating at a power level of 24 kw.
Helium was used both as the arc gas and as the powder feed gas, while
hydrogen was introduced into the plasma through the powder port of the
front electrode. Hydrogen was also added to the cover gas in the spray
chamber to provide a reducing atmosphere. Tungsten-uranium dioxide test
coupons prepared as controls with the test samples showed good coverage
end good bonding when examined metallographically. The test samples
were shipped to NASA for evaluation in high temperature, fuel retention
tests, The results indicated that the edge coatings on all samples were
effective in preventing fuel loss at elevated temperatures.

While the main effort was spent on edge coating, scoping studies were run
on (a) coating the entire surface of flat fuel elements, (b) the forma-
tion of T-joints by plasma spraying, smnd (c) the formation of fuel joints
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by codeposition of tungsten and uranium dioxide. Some encouragement was
obtained from the latter series of tests, since & fully dense deposit
was achieved; however, further development is needed to prevent melting
of uranium dioxide during spraying, since the molten uranium dioxide was
deposited along the tungsten grailn boundaries.

INTROTUCTION

This project, which was & continuation and an extension of work conducted
during fiscal year 1964, had two broad objectives: (a) the development

of methods for tungsten coating tungsten-uranium dloxide cermet fuel ele-
ments by plesma spraying, and (b) the development of methods for joining
tungsten~-uranium dioxide cermets by plasma spraying. The goal of the
cladding studies was to develop a fully dense, impervious, metallurgi-
cally bonded tungsten coating which would prevent evaporative loss of
the uranium dioxide fuel from the cefmet at the proposed operating tem-
perature of a nuclear powered rocket 1:2). The second phase of the work
was aimed at the development of a pore-free, metasllurgically bonded,
plasma-gprayed tungsten Joint at least as stromg as the tungsten-uranium
dioxide cermet at reactor operating temperatures. Representative samples
from each study were to be submitted to NASA for festing and evaluation
in connection with materials research for the tungsten water-moderated
nuclear rocket concept under study at the NASA Iewis Research Center.

Several specific investigations were scheduled in each area., The clad-
ding work included (a) the preparation, by technlques developed last
fiscal year, of edge-coated cermets for environmental testing at WASA;
(b) perfection of the edge coating process to obtain improved retention
of the uranium dioxide at high temperatures; and (c) scoping studies on
plasma coating the entire surface of flat cermet fuel elements. The
Joining effort included {(2) scoping work on the preparation of T-joints,
and (b) exploratory studies on the preparation of fueled joints by the
codepogition of tungsten and uranium dioxide,

CLADDING STUDIES

Early in the currepnt fiscal year, a group of nine tungsten-uranium di-
oxide cermet samples was edge-coated and was shipped to NASA for high
temperature testing. While these tests were in progress, a few scoping
studies were performed to determine the problems involved with plasma
cogting the flai surface of a fuel element. When excessive fuel loss
was encountered with the edge-coated samples in the environmental tests
at NASA, the work was redirected toward improvement of the edge coating
process. At the reguest of NASA, the entire effort on this project was
concentrated on edge comting for the rest of the fiscal year.

Preparation of Initial bdge-Coated Test Specimens

The objective of the edge coating studies was to establish plasma spray
conditions which could be used to apply pore-free, metallurgically bonded
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tungsten onto tungsten-uranium dicxide fuel elements to encapsulate com-
pletely and to contain the uranium dioxide when the fuel element is
operated at nuclear reactor temperatures. Metallurgical examination of
semples prepared during fiscal year 1964 indicated that a very high den-
sity coating with excellent bonding had been achieved. The conditions
established during these tests were then used to coat the edges of nine
3/h-inch by 3-inch samples which were used for thermal cycling tests ai
NASA. The following coating procedures were employed:

1. Fach sample was polished with L40Q=-grit silicon carbide abrasive
cloth, Tellowed by an acetone ringe.

2. Bach sample was positioned in the controlled atmosphere chamber
where the atmosphere was changed by pumping out the alr and back-
filling with argon.

3. At a torch~to-work distance ofﬁl-l/k inches, the sample was traversed
for two passes at 76 inches per minute in front of the S8G-3 plasma
torch which was operated at 24 kw. with a nitrogen-hydrogen arc gas
rixture., Minus 270 plus 325-mesh tungsten powder was conveyed to
the torch with srgon as the carrier gas. After ccoling, the sample
was repositioned, and the other edges were coated in the same way.
The test specimen was then removed from the chamber.

The flat faces of the samples had a dull asppearance as if surface oxida-
ticn had occcurred after shutdown of the plasma torch; however, neither
reduction in hydrogen at 1600°C. nor wvacuum treatment at 1700°C. improved
the appearance of the samples. X-ray diffracticon analyses indicated that
the dull appearsnce was due to a thin layer of tungsten which condensed
on the samples during plasma coating. This layer, which was only loosely
adherent, could be removed by vigorous rubbing or by an additional pass
through the torch; however, it should not affect the characteristics of
the coating.

The samples prepared using the sbove technigues failed to retain the
uranium dioxide when tested at elevated temperatures at NASA, Micro-
scopic examination of the samples after thermal cycling indicsted that
the fuel loss may have been caused by uranium dioxide which melted dur-
ing spreaying and redeposited along the interface between the cladding
‘and the substirate or in the grain boundaries of the cladding, thus pro-
viding a diffusion path to the surface where evaporation could occur.
Even though previous inspectiion of sectioned samples prepared at the
same conditions as the test samples had shown consistently good metal-
lurgical bonding of the applied coating to the substrate, most sections
of the nine samples showed generally poor bonding after testing at ele~-
vated temperatures. The loss of uranium dloxide from the interface could
give the appearance of poor bonding. ' :

These data indicate that metallurgical inspection of the coated and
sectioned samples ceannot always be relied upon to predict uranium losses
at elevated temperatures. It should be pointed out, however, that it
was nobt possible to inspect metallographically the same samples before
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and after heat treatment; and duve to the scarcity of material, control
samples were not prepared along with the nine test samples, Thus, al-
though coating conditlons wers maintalned as consistently as possible,
some varistion from established procedures could have been a factor
which contributed to the coating failure during testing at NASA., In
any case, it was apparent from the results of environmental testing that
additional development was needed on the edge coating process.

Fdze Coating with the 5G-3 Nitrogen-Hydrogen Plasma System

The first phase of the development program was initisted using the same
plasma spray system employed for the preparation of the NASA test samples,
Based on Grisaffe'’s observations(l , & series of tests designed to pro-
duce a wide range of substrates and particle temperatures was started,
although neither of these temperatures was amenakble to direct measure-
ment., This was accomplished by varying the torch-to-work distance and
the traverse speed, both of which control the substrate temperature and
the coating powder feed rate which, along with the torch-to-work dis-
tance, would affect the particle temperature. Although seversal condi-
ticns were found at which metallurglical bonding was achieved with essen-
tizally no uranium dioxide melting, subsegquent samples prepared at the
gsame conditions did not show consistently comparable results. One evi-
dent reason for this was the changing power level caused by short elec~
trode life of the 8G~3 90% nitrogen-10% hydrogen plasma system. At 2k
kw., this system was operating at its maximum capacity, and with the
erosive nitrogen-hydrogen plasma, severe electrode wear occurred, par-
ticularly in the region near the foot point of the arc. As the electrodes
wore, the power level would drop rapidly, sometimes falling as much as
10% while two samples were being coated, In view of this excessive
electrode wear, the 5G-3% nitrogen-hydrogen system did not appear suitable
for a practical edge coating cperation.

Edge Coating with the 5G~1 Helium Plasma System

The 5G~1 heliuvm plasma system had been uged successfully in spraying
tungsten powder and had operated for extended pericds without sgerious
electrode erosion. BSince uniform coperation from day to day was a prime
goal, this system wag selected for the edge coating development equip=-
ment. Coincident with the selection of the 3G-1 helium plasma system,
the edge coating operaticn was moved into a new, water-cooled, 2-foot
dismeter by 4-foot long controlled atmosphere spray chamber. The cham-
ber has remote facilities for moving the torch inside the chamber, and
the atmosphere is filtered continuously and is cooled by recirculation.
To facilitate the preparation of a larger number of samples, the six-
position sample holder, shown in figure 1, was fabricated and used.
Tungsten rods hold the pieces being edge coated, and each of the six
holders is independently adjustable. This feature permitied up to six
different torch-to-work distances to be tested in a single plasma spray
pass.
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SIX-POSITION SAMPLE HOLDER
(20 inches x 16 inches x 6 inches)

Figure 1
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Plasma Operating Conditions

Since it was concluded that the bonding might be affected by any number
of combinations of power setiings, gas compositions, torch-to-work dis-
tances, or traverse speeds, the first efforts were directed toward elimi-
naticn of &s many variables as possible by stabllizing the plasma arc
operating conditions. The SG-1 torch, which has & rated capacity of 40
kw., was operated at a power level of 24 kw. With helium as the arc gas,
this power level was obtained using operating voltages of 50 and a current
of 480 amperes. The flow of the helium arc gas was Tixed at 70 liters
per minute, while the helium powder gas flow was regulated at 2 liters
per minute. Hydrogen was introduced through the powder port at a rate

of 7 liters per minute to provide a reducing atmosphere.

Using the specified parameters and the equipment described previously,

an experimental program was started to determine the range of other
process variables which would produce the mosti effective conditions for
accomplishing the edge coating. Since nons of the variables acted inde-
pendently of the others, most phases of the program were conducted simule
tanecusly.

Chamber Aftmosphere. In the initial tests within the new controlled
atmosphere chamber, it was found that chamber gas composition had an
effect on the torch-to-work distance required to achieve acceptable bond-
ing. Premixed 90% argon-10% hydrogen was used as the chamber gas, and
the helium plasma generated under these conditions had & relatively long
and bushy appearsnce. It was observed, however, that the appearance of
the plasms would change graduslly as the torch continued to run due to
dilution of the argon atmosphere with helium. Apparently some of the
argon was being lonized along the edges of the helium plasma, and this
ionized sheath tended to extend the plasma zone. To ensure s constant
plasma over an extended period, all subsequent tests were made with a
chamber atmosphere of the same composition as the gases fed to the plasma
gun; i.e., sbout 9% hydrogen in helium, It was found that, where =
2-1/2-inch torch-to-work distance produced an acceptable bond using argon-
hydrogen in the chamber, a torch-to-work distance of sbout 2 inches was
required when helium and hydrogen were used.

Torch-to-Work Distance and Traverse Speed. Traverse speeds of 10, 20,
40, and 80 inches per minute were used Lo prepare samples in triplicate
at torch-to-work distances ranging from 1—1/2 to 2-5/& inches for metal-
lurgical examination. The sectioned samples were examined for bonding,
thermal history, effectiveness of precoating clean-up, and general
appearance of the coating.

It was anticipated in the design of this experiment that a bonding zone
would he established with respect to distance and traverse speed. The
results indicated that, at both 20 and 40 inches per minute, good bond-
ing could be achieved with about 1/4-inch varistion in the torch-to-work
distance. Uranium dioxide melting occurred on most of the samples pro-
duced at 10 inches per minute, and no bonding took place on the samples
prepared st 80 inches per minute. The best bonds were obtained at the



101

extreme distance tested at the 20-inch per minute traverse speed and at
the closest distence tested at 40 inches per minute. :

The traverse speed was then stabilized at 30 inches per minute, and using
the plasma operating conditions described previously, additional samples
were prepared. These tests established that good bonding occurred at a
torch-to-work distance between 1—5/4 and 2 inches. Some very slight
uranium dioxide melting was cbserved at 1—5/4 inches, and bonding was
less than 100% at 2-1/8 inches.

Ssmple Clean-Up Condltions. Prior to the actual coating operation, the
plasma torch was traversed across the edge which was to be coated to re-
move surface impurities. For this clean~up operation, the power level
and all gas flows were maintained at the same level as for coating.

Metallographic examination of a large number of samples revealed that
conditions of good bonding were frequent, but in almost every set of
semples, poorly bonded zones occurred adjacent to zones of good bonding
without any spparent or easily recognized reason. The general appearance
of the samples led to the conclusion that surface impurities were prob-
ably responsible for the poorly bonded zones., The clean-up procedure
was made more rigorous by decreasing the torch traverse speed from 8o
inches per minute to 4O inches per minute and by msking two clean-up
passes instead of one. At these conditions, good bonding occurred most
of the time, and a clean-up system to purify the hydrogen being used
improved the bonding consistency even more.

Powder Feed Rate. One of the major problem areas was esteblishing the
powder feed rate required to achieve an even coating thickness consis-
tently. BEven with constant powder feed rates, very slight veriations
in flame gecmetry, torch-to-work distance, or traverse speed would pro-
duce measurzble differences in the coating thickness. At fixed feed
hopper settings and powder gas flows, the feed rate was also observed
to fluetuste with slight changes in chamber pressure, variations in
powder size, and molsture content of the powder.

To circumvent this problem, procedures were established for drying,
screening, and installing a fresh powder charge for each rumn; the powder
gas Tlow was set at a fixed value; and with the gun operating, the feed
rate was observed by two experienced operators. Any adjustments required
to obtain consistent, apparent feed rates were made by changing the vi-
bretor setting or by very minor changes in the gas flow. Using this
system with minus 230 plus 325-mesh powder, 1-1/2 mils per pass Was con-
sistently sprayed at the established operating conditions. Attempts to
measure this feed rate indicated a rate of about 8 grams per minute.

Powder Size. Tests were made to determine the effect of powder size on
the bonding, grain silze, and general appearance of the coating. Of the
powders tried, both a minus 230 plus 325-mesh powder and a minus 525 plus
LoQ-mesh powder appeared to yield the best and most consistent results.
Either powder had to be dry and well screened to feed properly. There
was no apparent difference in the quality of coating between thesé two
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powders, but at the same plasma operating conditicns, three coating passes
were required with the smaller powder to achieve the same coating as
achieved in two passes using the large powder.

Preparation of Edge-Coated Test Coupons for NASA

Semples 1-3/8 inches long by 11/16 inch wide were cut to size from stock
furnished by NASA using a 120-grit, rubber bonded, glass cut-off wheel.
Attempts to perform the operation with a mechanical feed were unsuccess-
ful, and cutting had to be done with msnuel feed where the feed pressure
could be held fairly constant. The following precedures were used in
coating the test coupons.

1. Each gsample was clesned for 10 minutes in an ultrasonic cleaner
using methanol as the solvent immediately prior to the coating
operatlon.

2. PFach set of samples was then positioned In the contreolled atmosphere
chanber, along with the control samples. The chamber atmosphere. was
changed by pumping with an air jet to a vacuum of 27 inches of mer-
cury and backfilling with helium. This operation was performed three
times. On the third and final backfill, hydrogen was added with the
helium backfilling gas to provide a reducing atmosphere around the
samples while they were being coated.

3, At a torch-~toe-work distance predetermined for the set of samples,
the torch was traversed at 40 inches per minute across the semples
for two clean-up passes., The SG-1 plasma torch was then operated
gt 24 kw., with & helium plasma arc gas and a traverse speed of 30
inches per minute.

4, After cooling, the samples were removed from the chamber and were
repositioned, and the other edges were ccated in the same way.

Table T shows the coating thicknesses which were applied to each of the
edges of each sample as determined by micrometer measurements, while
table IT shows the condltions used during each coating run. Control
specimens were prepared for each spray run and were examined metallo-
graphically. Photomicrographs of the coated samples representing the
various sets are shown as figures 2 through 6. It can be observed that
the torch-to-work distance of l-5/h inches resulted in some uranium
dioxide welting, indicating tco high a substrate temperature. The
photomicrographs were taken on control specimesns which were not neces-
garily from the same tungsten-uranivm dioxide cermet stock as the samples
actually tested at WASA, '

Besults of Tests st NASA

Table IIT shows the preliminary results of the tests which were conducted

at elevated temperatures at NASA. These results indicate that the coat-

ing applied by these technigues was very effective in the reduction of
uvranium loss from the samples at the proposed reactor operating temperatures,
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TUNGSTEN COATING APPLIED TO TUNGSTEN-URANIUM DIOXIDE CERMET EDGES BY PLASMA SPRAYING
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Other samples delivered to NASA,

1 Samples sectioned at ORGDP.

Hote:

Set 3 was sprayed

Sets 1, 2, 4, and 5 were sprayed with minus 230 plus 325-mesh tungsten powder.

with minus 325 plus 40Q-mesh tungsten powder,




TABLE IT

OPERATTNG CONDITIONS FOR 8G-1 PLASMA GENERATOR IURING
PREPARATION OF EDGE-COATED SAMPIES TESTED AT NASA

Running Time

on Front Operating Torch-To-Work Gas Flows, 1./min.

Run Electrode¥*, Voltaget, Current, Povwer, Distance, Helium Hydrogen Helium
Number it V. amp. KW. in. Arc Gas Cover Gag  Powder Gas
RC-1 219 50 180 2L ,0 1-3 /4 0 7.10 2,20
c-1 88 ho 490 24,0 1-3/k 69 6.90 2.60
c-2 137 52 L60 23.9 1-3/k 69 6.90 2.60
C-3 152 51 470 oh,0 1-3 /4 69 6.90 2.20
¢-h 165 51 L0 2k .0 1-3 /L 71 7.10 1.50
2-C-1 D33 49 k9o 24 .0 1-7/8 69 7.10 2,20
2-0-2 251 52 470 ah L 1-7/8 69 7.10 1.19
2-C-3 260 51 470 2h.0 1-7/8 72 7.10 1.18
2-c-l 7% 50 480 ohk.0 1-7/8 71 7.10 1.50
3-C-1% 96 50 480 24,0 2 69 7.15 0.95
3-(-2F 111 50 480 2,0 2 69 T.15 0.68
3-C-3% 127 50 L8C 24.0 2 69 6.90 0.51
3-C-ht 158 e 490 24,0 2 69 7.15 0.68
h-g-1 183 52 460 23.9 2 71 7.15 1.hh
L-g-2 206 51 450 23.0 2 71 7.2C 1.hb
heg-3 217 5Q L8o 24,0 2 71 6.90 1. hd
Log-k 231 L4 520 23,9 2 70 T7.15 1.0%

HOT



TABLE II (Contd.)

OPERATING CONDITIONS FOR SG-1 PLASMA GENERATOR DURING
PREPARATION COF EDGE-COATED SAMPLES TESTED AT NASA

Running Time

on Front Operating Torch-To-Work . Gas Flows, 1./min.

Run Electrode®, VoltageT, Current, Power, Distance, Helium Hydrogen Helium
Tumber min. . amp. kw. in. Arc Gas Cover Gas  Powder Gas
5-C-1 325 50 480 24.0 2 69 7.20 1.hb
5-C-2 %88 50 480 2k.0 2 69 7.20 1.h44
5-C-3 350 50 480 24.0 2 69 7.20 1.4
5-C-4 363 49 490 2k,0 2 69 7.15 1.4k

* For these tests, eleectrodes normally used for argon were used with helium as shown., This arrangement
was determined empirically but was later recommended by the manufacturer.

+ Open circuit volbage, 160 volts dc.

+ Edge clad using minus 325 plus 400-mesh tungsten spray powder; the other samples were clad using
minus 230 plus 325-mesh tungsten spray powder.

<ot
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Sample 1-C-1

Core Clad

Interface

Side 1

Sample 1-C-6

Core Clad
Interface

Side 1

Magnification = 500 X
(Etchant - Murakami's Reagent)

Distance - 1-3/4 inches Speed - 30 in. /min.

CROSS-SECTION OF PLASMA-SPRAYED FUEL PLATE (Set 1)
Figure 2




Sample 2-C-1

Core Clad

Interface

Side 4

Sample 2-C-6

Core Clad
Interface

Side 2

Magnification - 500 X
(Etchant - Murakami's Reagent)

Distance - 1-7/8 inches Speed - 30 in./min.

CROSS-SECTION OF PLASMA-SPRAYED FUEL PLATE (Set 2)

Figure 3
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Sample 3-C-5

Core Clad

Interface

Side 1

Sample 3-C-5

Core Clad

Interface

Side 2

Magnification = 500 X
(Etchant = Murakami's Reagent)

Distance - 2 inches Speed - 30 in./min.

CROSS-SECTION OF PLASMA-SPRAYED FUEL PLATE (Set 3)
Figure 4
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Sample 4-C-5

Core Clad
Interface

Side 1

Sample 4-C-5

Core Clad

Interface

Side 2

Magnification = 500 X
(Etchant = Murakami's Reagent)

Distance = 2 inches Speed - 30 in./min.

CROSS-SECTION OF PLASMA-SPRAYED FUEL PLATE (Set 4)
Figure 5




Sample 5-C-5

Core Clad

Interface

Side 2

Sample 5-C-5

Core Clad

Interface

Side 4

Magnification - 500 X
(Etchant = Murakami's Reagent)

Distance = 2 inches Speed - 30 in./min.

CROSS-SECTION OF PLASMA-SPRAYED FUEL PLATE (Set 5)

Figure 6
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It should be pointed ocut that good fuel retention was obtained on samples
which were coated at torch-to-work distances varying from l-5/h inches

to 2 inches and with two different sizes of tungsten spray powders. In
general, these data show that the process was under control and that the
plasma spraylng produced coatings which reduce uranium dioxide lose when
the coated specimen is operated at elevated temperstures.

TABLE III

EFFECT OF PLASMA-SPRAYED TUNGSTEN EDGE COATING
ON URANTUM DIOXIDE FUEL RETENTICN DURING 2-HOUR, 2485°C. STATIC TESTING
IN FLOWING HYDROGEN (35 std. cfh.)
(WASA Data)

, Fuel loss,
Sample Number ’ weight percent
Unclad Semple (Control) 3
1-C-3% - 0.3
1-0-b 0.51
3-C=3% 0.31
B-(=ly* 0.38
L-c-3 0.25
h-c-k : 0.11
>=C-3 ’ ‘ 0.32
5-C-k ' 0.45

¥ BEdge-cled using minus 325 plus 400-mesh tungsten spray powder; others
clad using minus 230 plus 325-mesh tungsten spray powder.

Additional Improvements to the Edge Coating System

Since these samples were prepared, some additiconal improvements have
been made to the system to ensure day-to-day replication. These changes
have included the installation of an automatic valve sequence program
which should result In a uniform gas composition from run to run within
the controlled atmosphere chamber. An oxygen enalyzer and moisture ana-
lyzer have also been installed to monitor eutomatically the chamber gas
purity and the purity of the helium gas fed to the torch and powder
feeders. Preliminary data with this system indicate that, although the
oxygen content drops to a very low level shortly after the plasma torch
begine operation, there is an attendant increase in moisture content.
Additional experience is needed to determine the magnitude and severity
of this problem. For some time, an oscilloscope has been used to moni-
tor périodically the voltage and the current used in the plasms genera-
tor on the assumption that the electrode surface condition would in-
filuence the instantaneous current and voltage wave forms and ‘that, as
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changes would occur to the conducting surfaces, the wave form would also
change. It is not possible at this time to draw definite conclusions,
but it is believed that this will begin to generate meaningful informa-
tion as more experience is gained.

Cladding Flat Fuel Elementis

While the environmentsl tests were being run at NASA on the initial nine
edge~coated samples, two scoping tests were performed to determine the
problems involved in plasma coating the entire surfaces of flat cermet
fuel elements. In both of these tests, spray conditicns used previously
with the SG-7 plasma generator in the edge coating work were employed.
At these conditions, excessive warping of the substrate occurred because
cf the large temperature gradient which existed during ceating. From
the results of these tests, it 1s apparent that special precauticns will
be nseded to avoid warping. A combination of special Jigging and pre-
heating might be effective. Further work in this area was deferred to
concentrate the effort on edge coating.

JOINING STUDIES

The work on Joining tungsten-uranium dioxide cermets with plasma spraying
has been limited to two aress: (a) the development of a fueled joint pro-
duced by the codeposition of tungsten and uranium dioxide, and (b) the
formation of a T-joint with plasma-sprayed tungeten. Only a few scoping
studies had been completed in either area before the emphasis was switched
tc edge coating.

Codeposition of Tungsten and Uranjum Dioxide by Plasma Spraying

Unfueled joints or welds in the nuclear powered rocket engine could he
detrimental from the nuclear standpoint: thus, a technique which could
be usged to produce a fueled joint, either for patching, for welding con-
centric tube fuel elements, or even for fuel element fabrication would
be desirable. In the first series of five exploratory testes, no effort
was made to produce a fueled Joint. Instead, a mixture of tungsten and
uranium dioxide wae plasma-sprayed onto a tungsten substrate, and the
characteristics of the deposit was examined microscoplcally to determine
the potential of this technique.

In four of the tests, micronized urasnium dioxide generasted as a by-
product of the uranium dioxide ephercldization process was co-sprayed
with minus 270 plus 325~mesh tungsten powder. In the first two attempts,
both powders were blended, and the mixture was plasma sprayed. Poor
bonding of the tungsten particles occurred due to excessive torch-to-
substrate distance in the first attempt, and the tungsten and uranium
dioxide mixture melted on the second sample. The melting resulted in
streaks of uranium dioxide in the tungsten grain boundaries.

In the second pair of runs, the tungsten and the uranium dioxide powders
were introduced into the plasma stream at different locations in an effort
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to obtain sufficient heating of the tungsten while evoiding overheating

of the ursnium dioxide. These two tests were conducted using normal

spray tungsten and the SG-1 plasma generator. The position of the second
feed point was changed so that the uranium dioxide would reach a different
temperature in each case. A photomicrograph of a cross-section of one

of these samples appesrs in figure 7. The method shows considersble prom=-
ise in that a fully dense tungsten matrix was formed; however, the uranium
dioxide had once again reached the molten state and had diffused along

the tungsten grain boundaries. Apparently, there was enough latent

heat available in the tungsten particles when heated to the plastic state
to melt the uranium dioxide particles. Subsegquent tentative calculations
indicste that & uranium dioxide loading of as much as 40% may be required
to prevent the heat from the molten tungsten droplets from being great
enough to cause uranium dioxide melting.

One other attempt was made to codeposit tungsten and uranium dioxide by
plasma spraying. For this test, tungsten-coalted uranium dioxide which
had been prepared in the fluidized bed was used as the spray powder. The
spraying attempt resulted in catastrophic decoating of the individual
powder particles., It appeared that each particle ruptured with explo-
sive force. The tungsten settled in one area of the spray chamber, the
urenium dioxide settled in another, and there was no deposit on the sub-
strate. It is believed that the coating disintegration can be attributed
to the high fluoride content of the particular powder used ip this test
and that better results may be obtained with higher purity coated powders.

After the sbove tests, work in this ares was held in abeyance due to
emphasis on edge coating.

Formation of Tungsten T-Joints

Two brief attempts were made to form a T-joint between two tungsten strips
by plasma spraying. The use of sprey conditions developed for edge coat-
ing resulted in the formation of & joint; however, the results made it
clear that a considerable amount of development work would be needed to
produce an acceptable process, Excessive amounts of tungsten were applied
et the Jjoints in the areas where there was a good fit between the surfaces,
but no Joining took place at the areas of poor fit. Jigging and align-
ment of the pleces to be Jolned will require considerable development
effort, and additional work will be needed to determine the spraying
conditions that will contrel the width of the joint.

CONCLUSIONS

Puring the course of this development program, procedures and operating
conditions were established by which fully dense, metallurgically bonded,
tungsten coatings could be plasma sprayed on the edges of tungsten-
uranium dloxide cermet, flat-plate, fuel elements without melting the
uraniuvm dloxide. Using helium arc gas, the SG-1 plasma gun operated at

a power level of 24 kw. in a recirculating helium-10% hydrogen atmosphere
appeared to be the most effective system from the standpoints of acceptable



Magnification = 1000X

TUNGSTEN-URANIUM DIOXIDE MATRIX
CODEPOSITED BY PLASMA SPRAYING

(Etchant = Murakami's Reagent)
Figure 7
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equipment life, coating quality, versatility, and reproducibility. FEdge
coating, 3 to ¥ mils thick, were applied at a traverse speed of 30 inches
per minute and at torch- tO-WOrk distances varying from 1- 5/4 to 2 inches.
These coatings were effective in reducing uranium dioxide loss from the
fuel plates when they were subJjected to high temperature tests at the
NASA Tewis Research Center.

The exploratory studies on (a) costing the flat surface of cermet fuel
elements, (b) forming T-joints, and (c) forming fueled joints by codepo-
sition of tungsten end uranium dioxide were too limited to define the
required spraying conditions; however, based on the experience gained

in the edge coating program, it appears that a plasma sprey system could
be developed for successfully accomplishing these operations.
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Part ITI: TUNGSTEN CQATING OF URANIUM DIOXIDE PARTICLES

SUMMARY

The objective of this project was to develop a new method for producing
a 3~ to 5-micron thick, pure, dense, tungsten coating on 30- to 60-micron
uranium dioxide powder. The spproach to this problem was the development
of new techniques for depositing a thin, protective tungsten coating on
the powder which could then be built up to the desired thickness by a
conventional gas plating process. The purpose of the thin, protective
coating was to prevent fluoride formation caused by hydrogen fluoride
attack of the unprotected uranium dioxide during gas plating.

Scoping studies have been run on four new coating technigues: (a) electro-
static bonding, plasma jet coalescence; (b) electrostatic bonding, fluid-
bed sintering; (c) electrostatic bonding, static bed sintering; and

{a) vacuum evaporation in an electron beam apparatus. The results of the
first approach were discoureging. Uranium dioxide particles were coated
successfully with fine tungsten powder or with fine tungsten trioxide by
the electrostatic techhique, but when the coated particles were processed
through the plasma Jet, the coating melted into spheroids instead of form-
ing a uwniform layer on the surface of the uranium dioxide particles. A&
partially protective film was deposited by the electrostatic bonding,
fluid-bed sintering method. This film produced a significant reduction

in the fluoride content of a tungsten coating subsequently deposited by
the hydrogen reduction of tungsten hexafluoride. The coating produced

by the electrostatic bonding, static-bed sintering technigue was non-
protective,

In the final approach, a partially protective film was deposited by vacuum
evaporation in an electron beawm spparatus.

INTRODUCTION

The objective of this task was to perform scoping studies on several
methods for depositing a tungsten coating on 30~ to 60-micron uranium
dicxide powder for use in connection with materials research for the
tungsten-184 water-moderat?d nuclear rocket concept under study at the
WASA Iewis Research Center ll The desired end product wag a 3- to S-micron
coating of tungsten on each uranium dioxide particle applied go as to be
pure, dense, and crack-free. The cladding should maintain its integrity
and should retsin the uranhium dioxide up to temperatures of at least
2500°C. The cladding would also assure uniform dispersion of the uranium
dioxide in the tungsten-uranium dioxide cermet fuel elements and would
eliminate any interconnection between uranium dioxide particles. Total
metallic impurities should be less than 50 ppm., and the halide content
should be less than 15 ppm. Representative samples of the coated par-
ticles were to be submitted to NASA for testing snd evalustion.
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The work statement for this program outlined three methods which might be
utilized: (a) plasma coating by evaporation-condensation; {(b) electro-
static bonding, plasma jet coalescence; and (c) elecirostatic bonding,
£luid-bed sgintering. The latter technique was eventually extended to
include static-bed sintering. One other approach which has shown con-
gsiderable promise is that of vapor depositlon utilizing an electron bean
system. The plan is to deposit a thin, protective layer of tungeten and
then to use gas plating to obtain the desired thickness. If protective,
the thin layer would prevent formation of fluorides during the subsequent
gas plating operation. Thus, flucride contamination during gas plating
was used to determine the protection afforded by the thin laeyer of tungsten.

PLASMA COATING BY EVAPORATION-CONDENSATION

No direct effort has been placed upeon this approach due to the emphasis
in other areas of this activity.

ELECTROSTATIC BONDING, PLASMA JET COALESCENCE

Several scoping studies were conducted. In these experiments, finely
divided tungsten powder produced by the ORGDP flame reduction process

or fine tungsten trioxide was mixed with partially spheroidized 30- to
15¢-micron ursnium dioxide powder in a tungsten rod mill to cause the
tungsten or tungsten btrioxide particles to adhere to the uranium dioxide
particles. In the first test, tungsten powder was blended with uranium
dioxide; then, the mixture was fed at about 19 grams per minute to the
SG-1 plasma system operating at 30 kw. with a mixture of 0% helivm and
10% hydrogen as the arc gas. When the plasma jet product was sectioned
snd was examined metallographicelly, it was found that the tungsten par-
ticles had melted but had not coated the uranium dioxide powder. There
was some adherence of the tungsten to the uranium dioxide substrate,
usually as a smaller sphercidal tungsten particle on the surface of a
larger uranium dioxide particle. In some cases, the uranium dicxide had
encapsulated the tungsten, indicating that a number of uranium dioxide
particles had melted in the plasma Jet.

In the other tests, tungstern trioxide powder was used instead of metallic
tungsten powder. It was anticipated that it might be possible either to
melt the tungsten trioxide and to reduce it to tungsten without melting
the uranium dioxide or to form a cosling of tungsten trioxide on the
particles which subsequently could be reduced to tungsten in a fluidized
bed.

Tn one of these tests, the mixture of tungsten trioxide-uranium dioxide
was fed to the 5G-1 90% helium~-10% hydrogen plasma system, and the resul-
tant powder was clean and free of coating., It appeared that the tungsten
trioxide was vaporlzed while passing through the plasma jet. To minimize
the vaporization and to prevent reduction of the tungsten trioxide to
tungsten, & low energy argon plasma vas utilized for the other test. In
figure 1, 1%t can be geen that some ceoating did take place. This coating
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Sample J=5 Magnification = 500 X

TUNGSTEN TRIOXIDE ON URANIUM DIOXIDE
SINTERED IN AN ARGON PLASMA
(CrO3 Attack Polish)

Figure 1
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is tungsten trioxide, and it should be possible to convert it to tungsten
metal without difficulity in the fluidized bed. It should be noted, how-
ever, that the coating is not uniform. It is possible that improved
blending technigues may increasse the uniformity. Bubsequent coating of
this material by conventional gas plating techniques was not sttempied.

FLECTROSTATIC BONDING, FLUID-BED SINTERTING

The original plans called for electreogtatically coating 30- to 60-micron
uranium dioxide particles with a layer of fine tungsten powder which
would then be sintered in a fluidized bed to produce a dense, impervious
coating. The experience with the plasma coating indicated that it would
be difficult to attain complete densification of the tungsten without
melting the uranium dioxide; therefore, the same general technique was
used, but tungsten trioxide was employed as the coating material. The
fine tungsten trioxide was blended with 30- to 60-micron ursnium dioxide
powder and was reduced to the metal with hydrogen at 870°C. in a fluidized
bed, After gas plating with tungsten to a thickness of 5 microms, the
powder had a flucride content of 1,300 ppm. If extrapolated to an 8-
micron tungsten coating, the flucride content would be reduced to about
TOO ppm.; i.e., & reduction of about one-third compared with gas plating
alone (i.e., approximately 1000 ppm). The fluoride content of the costed
particle will depend upon the thickness of the tungsten coating becsause
thicker coatings will dilute the fluoride percentage in the powder. To
place 211 results on a common basis, fluoride values are calculated for
each sample for a B-micron coating.

In ancther run, uranium dioxide was blended with tungsten trioxide, re-
duced, blended again with additionzl tungsten trioxide, reduced a second
time, and then coated with about 4 microns of tungsten by conventional
gas pleting. The resultant fluoride content, 900 ppm. or about 450 ppm.
for an B-micron costing, was very encouraging; however, this technigue
may Jleave something to be desired, since the sectioned samples, figure
2, indicate that the bonding of the coating to the powder particle may
be less than that achieved with elther straight gas plating or vacuum
deposition followed by gas plating.

Since some of the tungsten trioxide coating msy have been removed by the
abrasive action of the fluid bed, an additional coating test was conducted
where the tungsten trioxide was reduced in a static bed. The resultant
mixture wag sectioned for exemination and is shown in figure 3. This
powder wes subsequently coated with about 4 microns of tungsten by gas
plating. The fluoride content of 2,500 ppm., equivalent to sbout 1,000
ppm. when plated to 8 microns, was in the range usually experienced with
gas plating alone.

VAPOR DEPOSITION OF TUNGSTEN UTILIZING THE ELECTRCON BEAM SYSTEM

Encouraging results have been cbtained on the development of a method
for the deposition of tungsten on powder particles by vacuum evaporation



Sample K-218 Magnification = 250 X

Electrostatically Coated with Tungsten Trioxide,
Reduced and Sintered in a Fluid Bed

Run WF=279 Magnification - 250 X
Sample K-219

After Vapor Coating by the
Hydrogen Reduction of Tungsten Hexafluoride

TUNGSTEN-COATED 30- TO 60-MICRON URANIUM DIOXIDE
(CrOg3 Attack Polish)

Figure 2
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Sample K-265 Magnification - 250 X

URANIUM DIOXIDE ELECTROSTATICALLY COATED WITH
TUNGSTEN TRIOXIDE,
THEN REDUCED AND SINTERED IN A STATIC BED
(CrO3 Attack Polish)

Figure 3
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in an electron bheam apparatus. A 9 kw. electron beam welding machilne
with the gun mounted in the horizontal position was used to perform the
experiments. As shown in figures 4 and 5, the uranium dioxide powder

was placed inside the 6-1/2-inch diameter canister with a hole at each
end, and this unit was rotated by a liguid nitrogen-cooled drum roller
mourited in the Z-foot by 2-foot by 2-foot vacuum chamber of the electron
beam apparatus. The beam of electrons entered through a hole in one end
of the canister and was focused onto the end of a tungsten rod which pro-
truded through a hole in the other end of the canister. Tungsten, vapor-
ized from the end of the rod by heat caused by electron bombardment,
condensed on the powder particles which were raised and tumbled by the
lifting flights attached to the interior of the rotating canister.

In performing these experiments, the following general cbservations can
be made regarding equipment performamnce.

Electron Beam Apparatus

While this coating technique required rather long pericds of sustained
operation at high power levels, the electron beam welder is designed for
relatively short periods of continuous operation. The excessive heat
generated by the filament was not easily dissipated and caused frequent
filament burnout and shortened the life of other gun components. Most of
these problems were eliminated by redesign of the component parts.

Beam Stability

The besm of electrons can be deflécted by the charge which rapidly builds
up on ceramic powder. Canister redesign and minor modifications to the
operating procedure minimized this tendency but did not eliminate it com-
pletely.

Mechanicsal : I

Vaporizing tungsten for extended periods of time released a relatively
large amount of heat., Efforts to cocl the drum roller and canlster dur-
ing operation were only partly successful, and the roller mechanism
frequently failed during the early tests. The range of temperatures
between liquid nitrogen and molten tungsten caused failure of seals and
fittings and resulted in freguent shutdowns because of loss of vacuum,

Product Contamination and Material Loss

When urasnium dioxide particles were struck by the beam, instant vapori-
ration occurred, The vaporized uranium dicxide was either lost or de-
posited onto the powder being coated. The latter case resulted in
contamination in the coating, and the best operating conditions and
canister deslgn did not eliminate this problem completely, although
conagiderable improvement was achileved,

In the initial test with 60-mesh alumina, the powder appeared to be coated
completely. Alumina was selected for the first test to make the tungsten
readily vislible,
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Tungsten Rod
Electron Gun
Rod Support

Rollers
Vacuum
Chamber
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g}?z:llls’rer Lifting
Flights

Front Flange

Canister

ELECTRON BEAM APPARATUS USED FOR
TUNGSTEN COATING URANIUM DIOXIDE PARTICLES
BY VACUUM EVAPORATION

Figure 4
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One sample of uranium dioxide powder which had been in the coating system
for lnl/2 hours was secticned and exsmined. Some of the sectioned par-
ticles appearad to be coated completely with a layer of tungsten sabout
2,000 angstroms thick. Other particles in the same field of view appeared
to be only partly coated or bare. When this same powder was observed at
low magnification prior to cross-sectioning, about 80% of the particles
appeared to be coated completely. It is possible that many of the par-
ticles which seemed to be coated prior to sectioning appeared to be un-
coated in cross-section because the cosgting thickness was below the limit
of resoluticn of the microscope.

In the first test on material which was tungsten-coated by vacuum evapo-
ration and was then gas-plated with about 5 microns of tungsten, figure 6,
the fluoride content is 1,700 ppm., which is equivalent to about 800 ppm.
for the standard 8-micron coating thickness., While this is only about
three-fourths the Tflucride value for conventional gas plating, it is
gtill much higher than is desired.

An additional 160-gram batch of uranium dioxide powder was run for a
total of 1-1/2 hours in the electron beam coating apparatus and was then
costed with an estimated 3.7 microng of tungsten by conventional gas
plating techniques. The resultent fluoride content of 1,000 ppm. is
equivalent to about 500 ppm. should the tull 8-micron thick tungsten
coating be applied. This is slightly less than one-half the normal value
of a sample coated by gas plating alene. Additional tests are required
to determine if the deposition of & thicker film by the electron beam
process will provide improved protection and lower fluoride content in
the gas-plated powder; however, the program terminated belore these tests
could be completed., It is a peint of interest that the electron beam
technology is suiltable for a wide variety of coating materisls.

CONCLUSIONS

The scoping studies made in the performsnce of this task demonstrated
the feasibility of two promising metheds for depositing a thin coating
of tungsten on 30- to 60-micron uranium dioxide particles; however,
further development of these methods is required. The coatings showing
most promise were produced by vacuum evaporation using an electron beam
for a heat source to evaporate the tungsten and by electrostatically
bonding fine tungsten oxide powder onto the uranium dioxide and then re-
ducing the coating to tungsten in either a fluid or a static bed. Al-
though none of the thin tungsten coatings applied by the various methods
were completely effective in eliminating halide contamination when the
povders were subsequently gas plated, it is felt that both the electron
beam evaporation and the electrostatic bonding techniques could be de-
veloped into workable processes. The technigues developed in this pro-
gram also should be applicable to the deposition of thin films of a wide
variety of materials onto selected substrates.



Sample K-224 Magnification = 500 X

Uranium Dioxide Coated with Tungsten
in the Electron Beam Apparatus

Run WF-281 Magnification - 250 X
Sample K-232

Same Powder as Above after Tungsten Coating by the
Hydrogen Reduction of Tungsten Hexafluoride

TUNGSTEN COATED URANIUM DIOXIDE
(CrO3 Attack Polish)

Figure 6
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